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 Ruthenium carbonyl complexes-catalyzed activation of unreactive 
X-H bonds (X = C, N, O and Si) provides an elegant route for the 
transformation of simple reactants to useful chemicals, and such processes 
were explored in this thesis. In Chapter 1, a brief introduction to the 
chemistry of transition metal carbonyls and the objectives of the work were 
presented. The ability of transition metals to possess a wide variety of 
oxidation states and coordination numbers; the use of carbonyl ligands to 
facilitate mechanistic studies; and the use of various ligands to control the 
steric and electronic properties of the metal complex in order to achieve 
high selectivity and high product yields have been considered for the two 
types of Ru-catalyzed reactions studied: (1) Nucleophilic addition across 
alkynes, and (2) Silane hydrolysis. 
 In Chapter 2, the addition of carboxylic acids onto terminal alkynes 
catalyzed by mononuclear ruthenium (0) complexes was studied. As 
product selectivity is a major problem in hydrocarboxylation, finding a 
catalytic system which can selectively produce only one isomeric product 
is desirable. A variety of Ru(CO)3L2 (where L is a 2 e- donor) complexes 
was synthesized. Using ligands of different donor strengths, a direct 
relationship between regioselectivity of the product and the electronic 
property of the metal centre was observed. 
 The addition of pyrroles onto terminal alkynes catalyzed by 
dinuclear ruthenium complexes was studied in Chapter 3. We proposed 
viii 
 
that the difficulties encountered in producing functionalized pyrroles can 
be overcome via the formation of vinylpyrroles. The usefulness of this 
system was thus illustrated by the formation of various dipyrrolmethanes, 
achieved via further pyrrole addition onto vinylpyrroles. In addition, 2,5-
bis(vinyl)-pyrroles can also be prepared using this method. 
 In Chapter 4, the addition of N-methylaniline onto phenylacetylene 
was studied using two types of dimeric ruthenium catalysts which were 
Ru2(CO)4L2Br4 and Ru2(CO)4(-CX3COO)2L2. The latter complexes were 
found to be more catalytically active towards hydroamination, possibly due 
to the more electron-rich metal centre which allows favourable activation 
of substrates. Deuteration studies suggested that other pathways could 
coexist with earlier mechanisms. 
 Silane hydrolysis and alcoholysis are important processes in 
organic syntheses as it offers an alternate procedure for protecting 
functional groups. In Chapter 5, we used Ru2(CO)4L2Br4 to obtain  very 
high turnover numbers for the processes under mild conditions. The large 
amount of hydrogen gas generated from the system provides a possible 
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1.1 Organometallic Compounds in Catalysis 
Organometallic compounds involve the direct interaction of a metal 
and the carbon atom of an organic fragment. The study of such compounds 
concerns the transformation of organic compounds using metals from the 
main groups, transition series, lanthanides and actinides. 
As organometallic compounds lie at the interface between classical 
organic and inorganic chemistry, they often exhibit a combination of 
properties that are unique, for instance, they possesses a blend of ionic and 
covalent characters and can dissolve in organic solvents. Hence, since the 
development of the first organo-transitionmetallic compound in the eighteenth 
century [1], organometallic compounds have been developed for application 
in catalysis and many other areas, including bioinorganic chemistry and 
organic syntheses. 
The unique properties of organometallic compounds allows these 
compounds to exhibit catalytic behavior. Through the coordination of 
substrates to a metal centre, the substrates are brought to within close 
proximity of each other, which consequently increases the likelihood for a 
reaction. The ability of transition metals to adopt a wide range of oxidation 
state and coordination number further widens the application scope of 
transition metal-organometallic compounds, especially in acid-base catalysis 
[2], photocatalysis [3], homogeneous catalysis [4], heterogeneous catalysis [5] 
and biphasic catalysis [6]. 
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Lewis acid ligand dissociation 0 0 -1 
 
 
Lewis acid ligand association 0 0 +1 
Lewis base ligand dissociation -2 0 -1 
 
 
Lewis base ligand association +2 0 +1 
Reductive elimination -2 -2 -2 
 
 
Oxidative addition +2 +2 +2 
Insertion -2 0 -1 
 
 
Extrusion +2 0 +1 
Oxidative coupling -2 +2 0 
 
 
Reductive coupling +2 -2 0 





Scheme 1.1 Catalytic Cycle for the E-Selective Hydroamidation of 1-Hexyne and 2-
Pyrrolidinone. L = PBu3 or DMAP. Taken from reference [17]. 
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In most cases, catalysis is facilitated by a series of elementary reaction 
steps commonly associated with organometallic compounds (Table 1.1) [7]. A 
combination of these steps will form a complete catalytic cycle, which is 
exemplified by a recent work of Arndt et. al. on Ru-catalyzed hydroamidation 
of terminal alkynes (Scheme 1.1) [8]. In their mechanism, ligand substitution 
occurs via Lewis Base ligand association/ dissociation pathway in steps i and 
ii to give the active catalytic species (I). Coordination of the substrate to the 
16-electron species I then takes place via oxidative addition to give 
intermediate II. In order for the catalysis to proceed, dissociation of a Lewis 
base ligand must occur to generate a vacant site, which allows for substrate 
coordination. Insertion of a proton to the alkyne would then give the vinylic 
intermediate IV.  Vinyl-vinylidene rearrangement then converts IV to V, such 
that the amide inserts into the unsaturated bond to give VI. Through reductive 
elimination of the ligands, the product is formed together with the 
regeneration of I, thus completing the catalytic cycle. It is important to note 
that there may be more than one mechanism dictating a catalytic system, and 
it is a challenge to identify the most probable route through a combination of 
spectroscopic and isotopic studies. 
Modern chemistry requires the continuous discovery of new synthetic 
methods that enables transformations with higher efficiencies and selectivities 
(chemo-, regio-, diastereo and enantioselective). Finding new combinations of 
substrates to produce high-value chemicals is also desirable. Due to cost and 
environmental issues, the catalytic system needs to work well under mild 
conditions, and give atom economy transformations whenever possible. 
Chapter 1 Introduction 
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Among the different types of applications, homogeneous catalysis is widely 
used and studied due to its enhanced efficiency and greater selectivity. 
Although product isolation of the former complex from the reaction mixture is 
challenging and could lead to economical and ecological problems, the 
prospect of performing the reaction at low temperatures may outweigh the 
disadvantages. More importantly, the mechanism of homogeneous catalytic 
systems can be studied more easily using common spectroscopic techniques, 
such as Mass Spectrometry, Nuclear Magnetic Resonance (NMR) or Fourier 
Transformed Infra-Red (FTIR) spectroscopy. This methodology thus allows 
for  continual improvement in efficiency and selectivity of the system. 
1.2 Ruthenium  Carbonyl Complexes as Catalysts 
 From the list of many metals available for catalytic applications, 
platinum group metals (Platinum, Palladium, Rhodium, Iridium, Ruthenium 
and Osmium) possess outstanding catalytic properties. While they may have 
similar chemical properties, the majority of catalytic transformations bearing 
high chemo- and stereoselectivities have so far been contributed by palladium 
or platinum catalysts [9]. Ruthenium complexes have been highlighted as 
potent catalysts because the metal has the widest range of oxidation states and 
coordination geometries of all elements in the periodic table [9-11]. In fact, a 
variety of synthetic methods has already been reported using ruthenium 
complexes in stoichiometric or catalytic amounts [11-18].  
 The transformation of raw ruthenium to useful catalysts usually takes 
place via the hydrated RuCl3.nH2O complex [11]. The initial stage is the production of 
Chapter 1 Introduction 
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Table 1.2 Useful ruthenium complexes derived from Ru3(CO)12  
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the ruthenium (III) salt, where chlorine gas was passed over ruthenium 
powder at 700 0C [19]. After RuCl3.H2O was formed, it can be converted to 
the desired metal complex by reacting with a suitable reagent. One of the 
complexes that is often made from RuCl3.H2O is the organometallic cluster 
Ru3(CO)12, produced in high yields under high pressure of carbon monoxide 
[20-21]. The trinuclear cluster in turn serves as a convenient precursor for the 
syntheses of a variety of ruthenium carbonyl complexes, partly due to the fact 
that the cluster complex is commercially available, and also eliminating the 
need to deal further with high pressure carbon monoxide gas in later synthetic 
steps [22-27] (Table 1.2). The reluctance to involve high pressure carbon 
monoxide gas was due to the need for additional equipment, such as an 
autoclave, which will increase the cost of synthesis [10, 28-29]. It is also 
undesirable due to the potential risk of explosion and leakages, especially 
when the highly toxic carbon monoxide is difficult to detect. Furthermore, the 
ruthenium carbonyl cluster is relatively easy to handle as it is stable in 
ambient environment. 
Working with carbonyl compounds allow for easy characterization 
using infrared spectroscopy as the carbonyl stretching frequencies, (CO), of 
transition metals carbonyls generally occur in a region that is relatively free of 
interference from most organic solvents (1750 – 2125 cm-1). Most of the time, 
the IR spectra can shed light on the bonding mode, geometry and symmetry of 
the metal carbonyl complexes [30], as well as offering a clue on the electronic 
effects of any co-ligands [31-35]. A useful guide relating point group and vibrational
Chapter 1 Introduction 
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Table 1.3  Local M(CO)x symmetry consistent with the observed number of IR-active (CO) absorptions 
System Structure Point group 
Expected no. of 
(CO) peaks and 
its irreducible 
representation 
System Structure Point group 
Expected no. of 
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modes is given in Table 1.3. In addition to theoretical methods, identification 
of the structure and geometry of any reactive intermediates and products using 
can be achieved by comparison with literature values. To date, many FTIR 
studies on carbonyl organometallic complexes have been conducted and their 
stretching frequencies are well-documented [36-38].  
 
1.2.1 Mononuclear Ruthenium (0) Carbonyl complexes 
 Although pentacarbonyl ruthenium (0), Ru(CO)5, represents one of the 
most important mononuclear ruthenium (0) carbonyl complexes, its volatility 
makes this species difficult to handle [39-40]. In addition, Ru(CO)5 is not an 
ideal starting material for catalysis because of the ease of CO dissociation 
activated simply by ambient light [41]. The resultant Ru(CO)4 fragments 
combine to form the more stable Ru3(CO)12 cluster (Scheme 1.2) [40-41].  
Hence, a more significant amount of work has been carried out using this 
cluster, which is stable towards light, air and water.  
In the presence of 2-electron donor ligands such as PPh3 or alkenes, 
Ru3(CO)12 can be photolytically converted to its mononuclear derivatives, 
bearing the general formula Ru(CO)4L or Ru(CO)3L2 (L = 2-electron donor) 
[42-45]. These mononuclear complexes are less volatile and more stable than 
Ru(CO)5. More importantly, tuning of the electronic and steric properties of 
the complex can easily be achieved using this method. When ligands with 
strong -donating and weak -accepting properties are introduced, they will 
increase the electron density on the metal centre. Conversely, having ligands 
Chapter 1 Introduction 
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with weak -donating and strong -accepting properties will lower the 
electron density on the metal centre  [46-47]. In this way, it is possible to 
synthesize a series of complexes of similar catalytic properties, but with 
different electronic and steric parameters. The purpose of such synthesis is to 
ultimately achieve control of product selectivity, especially in reactions where 
isomers are formed. In this thesis, our studies mainly involve the use of 
phosphines and alkenes to modify the complexes, and the reasons of these 




Scheme 1.2 CO dissociation of Ru(CO)5 by ambient light, resulting in the formation of clusters. 
 





Figure 1.1 Empty P-R * orbital plays the role of acceptor in the metal complexes of 
PR3, allowing -backbonding to occur. 
 
Tertiary phosphines, PR3, are essential in the field of organometallic 
chemistry because they represent a class of ligands in which electronic and 
steric properties can be altered in a systematic and predictable way over a very 
wide range by varying the R group. Similar to the carbonyl ligand, phosphines 
are neutral 2-electron donor ligands with -accepting properties. The primary 
mode of bonding between phosphines and the central atom is the sigma 
interaction, formed when the phosphine lone pair overlaps with the empty -
orbitals of the metal. In addition, the * anti-bonding orbitals of the P-R 
bonds forms effective overlap with the metal’s -orbitals, allowing for -
backdonation from metal to PR3 (Figure 1.1) [48].  Depending on the nature 
Chapter 1 Introduction 
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of the R group, the stability of the * orbitals will be affected, and 
consequently affects the electron density on the metal centre. This effect was 
quantified by Tolman, who compared the CO stretching frequencies of a 
series of complexes of the type LNi(CO)3, containing different PR3 ligands, 
and represented the stereoelectronic properties of phosphine ligands in terms 
of electronic parameter () and cone angle () [49]. Since the electronic 
parameter can be inferred from the carbonyl stretching frequency of the metal 
complex, it is reasonable to deduce and compare the relative electron density 
on the metal centre based on the vibrational spectra of various structurally 
similar complexes. Since it is possible to dictate the electronic and steric 
factors for the phosphine (and subsequently the metal complex) simply by 
using different substituents, phosphines can be used to control the selectivity 
of the reaction. The availability of phosphines commercially provides a 
convenient route to a variety of metal carbonyl derivatives, and in our case, 
Ru(CO)4(PR3) and Ru(CO)3(PR3)2 complexes. 
Other than phosphines, alkenes can also bind to mononuclear 
ruthenium complexes. Alkenes are relatively weaker -donors than 
phosphines, and thus, the formation of Ru(CO)4(alkene) and 
Ru(CO)3(alkene)2 complexes will represent a portion of the series of 
Ru(CO)4L and Ru(CO)3L2 complexes with low electron density metal centre. 
The binding of alkenes to metal can take place via -bonding and -
backbonding modes: The former occurs via the overlapping of the metal -
orbitals with the alkene -orbital; and the latter occurs when the alkene *-
Chapter 1 Introduction 
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antibonding orbitals overlap with the metal -orbitals (Figure 1.2) [50]. 
Similar to phosphines, the electronic and steric configurations of alkenes can 
be altered with different substituents. Electron-withdrawing substituents such 
as halogens increase the -backdonation effect, leading to a relatively lower 
electron density on the metal centre. In contrast, electron donating substituents 
weaken the -backdonation effect, so the electron density on the metal 
remains unaffected. Hence it is possible to make use of various alkenes to 
create a series of mononuclear ruthenium complexes that are capable of 
achieving high selectivity for the catalytic systems.  
 
 
Figure 1.2 Bonding picture of metal-alkene complexes. 
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1.2.2 Halogenocarbonyl Ruthenium complexes 
 Halogenocarbonyl ruthenium complexes be synthesized from the 
reaction of Ru3(CO)12 and halogens, or at high temperatures using anhydrous 
ruthenium trihalides with high pressure of CO [51-54]. In the former case, the 
use of halogens as the reactant allows easy purification of the organometallic 
products [55]. Although the syntheses of various halogenocarbonyl ruthenium 
complexes have been established as early as 1924 [51], their catalytic activity 
has not been extensively studied until recent years [56-60]. It is not surprising 
then that research on such ruthenium complexes has gained speed, as it was 
found that they are potential alternatives to, or even better than classical 
palladium catalysts [61]. Notably, Murai’s [Ru(CO)3X2]2 system was able to 
catalyze the highly selective skeletal reorganization of 1,6- and 1,7-enynes to 
1-vinylcycloalkenes, while Trost’s palladium system works only for substrates 
containing electron-withdrawing groups [61-64]. 
The monomeric Ru(CO)4X2 and dimeric [Ru(CO)3X2]2 (X = Cl, Br or 
I) species are examples of commonly known halogenocarbonyl ruthenium 
complexes. Although their molecular structures (Figure 1.3) have been 
determined by X-ray diffraction studies, discrepancies in spectroscopic data 
that arise from different synthetic methods initially suggest that isomerization 
or structural changes due to solvent interaction could take place [65]. Grassi 
and co-workers later claimed that the differences in the vibration spectra of 
these complexes were caused by the various effects of stabilizers on the 
complex [66]. It can thus be inferred from their work and other literature data, 
Chapter 1 Introduction 
16 
 
that both monomeric and dimeric species can easily undergo organometallic 
transformations, especially in the presence of O, Si, N or P-containing 
compounds [58-59,66-68]. The ease of reaction may therefore create 




Figure 1.3 Molecular structure of [Ru(CO)3Br2]2. Taken from reference [65]. 
 
Given the amount of work involving Ru(CO)4X2 and [Ru(CO)3X2]2 (X 
= Cl, Br or I) and its reactivity towards a variety of organic compounds, one 
can hope to achieve increased selectivity control through ligand modification 
of these halogenocarbonyl ruthenium complexes. Depending on the nature of 
the ligand, whether it is a strong/weak -donor or strong/weak -acceptor, the 
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steric and electronic configurations of the metal complex will be altered. 
When these factors are altered, the results will potentially favor one form of 
an otherwise isomeric product, and leads to a highly selective system. 
 
1.3 Ruthenium-catalyzed Processes 
 Ruthenium-catalyzed activation of unreactive X-H bonds provides an 
elegant route for the transformation of simple molecules to useful chemicals.  
Two major processes catalyzed by ruthenium complexes are discussed in this 
thesis: (1) Ruthenium-catalyzed nucleophilic addition across alkynes, and (2) 
Catalytic silane hydrolysis and its applications. 
 
1.3.1 Ruthenium-catalyzed Nucleophilic Addition across Alkynes 
The first reaction of interest is nucleophilic addition across alkynes. It 
is an important area of development, because valuable chemicals can be 
obtained in an atom-economical way. The addition provides access to 
unsaturated functional molecules, which serve as key intermediates for fine 
chemicals, monomers for polymer synthesis and molecular functional 
materials. However, the addition of substrates takes place and usually gives a 
mixture of three isomers (Geminal, Zusammen, Entgegen) (Scheme 1.3) [69]. 
As these isomers have different physical and chemical properties, isolation of 
individual isomeric form is required for the compound to be of significant use. 
Since separating these isomers is challenging and not easily achievable, catalytic 





Scheme 1.3 Nucleophilic addition across alkynes give three isomeric products (Geminal, 
Zusammen and Entgegen) 
 
systems that can selectively produce just one of the isomers are highly sought 
after.  
Ruthenium-catalyzed nucleophilic addition across alkynes commonly 
proceed via two different activation pathways (Scheme 1.4) [69]. Addition of 
carboxylic acids onto alkynes which leads to the synthesis of enol esters is of 
the  Markovnikov type (1). However the first anti-Markovnikov catalytic 
addition was discovered in 1986, where the regioselectivity was accounted for 
by the formation of a ruthenium vinylidene species with an electron-deficient 
Ru=C carbon site (2) [70-71]. Since then, efforts have been made to control 
the in-situ formation of vinylidene-ruthenium intermediates from functionalized




Scheme 1.4 Ruthenium-catalyzed alkyne activation pathways 
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alkynes. A variety of O, N, Si, P or even C nucleophiles has also been shown 
to add regioselectively across alkynes, in the presence of a ruthenium catalyst, 
producing vinylcarbamates, (Z)-enol esters, unsaturated ketones, aldehydes, 
nitriles and phosphines [70-76]. 
Upon closer examination of Scheme 1.4, we can see that the way to 
achieve selectivity is to achieve control of the formation of vinylidene 
intermediate. Should the alkyne remains in a -bound fashion, the major 
product obtained will most likely be of Markovnikov type. If the vinylidene-
ruthenium intermediate is formed, the major product will then be anti-
Markovnikov. This thus provides us with an avenue to work on to devise a 
highly selective ruthenium catalysis system. 
 
1.3.2  Catalytic Silane Hydrolysis and its Applications 
 In the later part of this project, we will investigate the hydrolysis and 
alcoholysis of silanes catalyzed by ruthenium complexes. The products from the 
  
 
Scheme 1.5 Hydrolysis or alcoholysis of silanes catalyzed by transition metal complexes. 
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reaction are hydrogen gas and either silanol (from hydrolysis) or silyl ether 
(from alcoholysis) (Scheme 1.5). The study of this reaction is important as it 
has many applications. To begin with, the production of silanols is useful as 
they are widely employed for the production of silicon-based polymers as well 
as intermediates in organic synthesis [77-78]. Transition metal catalyzed 
hydrolysis of silanes can take place under mild conditions, which prevents 
undesirable side reactions of products. This is in contrast to classical methods 
of silanol syntheses, which usually require strong acidic conditions, leading to 
the dehydration of silanols and producing a mixture of siloxanes.  
 In addition, the reaction can be used for the protection of alcohols 
under mild conditions [79]. Traditionally, the transformation of an alcohol to a 
silyl ether takes place via the reaction with chlorosilanes. The strong basic 
conditions required to drive the reaction implied that compounds bearing 
base-sensitive groups cannot be protected in the same manner. As such, 
alternative methods have been developed [80-83], together with the iron [84-
85] and iridium [86]-catalyzed reactions of alcohols with silanes to give silyl 
ethers. Crabtree’s Iridium system [86] suggests that the efficiency of the 
conversion is affected by the length of the alcohol, with methanol giving the 
highest rate (ca. 50000 h-1) among the primary alcohols. Interestingly, it was 
found that the catalysis was even more efficient when secondary alcohol was 
used instead of primary alcohols, but reactions involving tertiary alcohols 
were sluggish. The tremendous activity associated with their system has been 
ascribed to the fact that solvent molecules can bind and dissociate from the 
metal centre, which allows both alcohol and silanes to coordinate 
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simultaneously and reacts in an intramolecular manner. In light of their 
studies, a mechanism describing the alcoholysis of silanes was proposed 
(Scheme 1.6). A model compound was synthesized, in which it was shown 
that the silane molecule was bound to the metal centre as an adduct, instead of 
an oxidative addition product. Their work thus provides the foundation for 




Scheme 1.6 Proposed mechanism for iridium-catalyzed alcoholysis of silanes [85]. 
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Silane hydrolysis and alcoholysis are also important for the production 
of hydrogen gas. Hydrogen gas that was produced can be used as a reactant in 
organic syntheses, specifically for hydrogenation reactions [87-88]. The 
possibility of using the produced hydrogen as a solution for the present energy 
crisis has been explored [89-90]. Since hydrogen has the highest energy 
density per unit weight of any chemical, giving almost triple the gravimetric 
heat of combustion of gasoline (120 MJ kg-1 vs 44.5 MJ kg-1) [91], it is 
reasonable to imagine that silane hydrolysis will eventually be an important 
process to generate hydrogen gas in future. This was emphasized by the 










 The main aim of this project is to exploit the properties of ruthenium 
in the area of catalysis to generate fine chemicals that are of interest to both 
the scientific community and industrial applications. Among the ruthenium 
complexes studied, we choose to focus on halogenocarbonyl ruthenium and 
mononuclear ruthenium carbonyl complexes. As discussed earlier, these 
complexes can easily be modified by varying the ligands to give a series of 
starting materials that have similar catalytic properties. Through the use of 
different ligands, steric and electronic properties on the metal can be altered, 
with the aim of achieving higher selectivity to give the desired product. 
 We first look at the ruthenium-catalyzed nucleophilic additions of 
substrates across alkynes. The obtained product is a functionalized alkene 
which is a useful starting material in the chemical, polymer or pharmaceutical 
industries. However, due to the formation of isomeric products during the 
addition process and the separation of these isomers can be challenging, it is 
desirable to devise a catalytic system that is selective and able to promote the 
exclusive formation of a certain isomer. Some reactions that were studied 
include the addition of carboxylic acids, pyrroles and amines across alkynes to 
produce enol esters, vinylpyrroles and enamines respectively. Attempts to 
elucidate the mechanism of each reaction were carried out so as to optimize 
the system for better efficiency. 
 In the later part of the project, we studied the use of ruthenium 
complexes to catalytically hydrolyze silanes to produce silanols and hydrogen 
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gas. Since ruthenium has been used to catalyze hydrosilylation reactions, it led 
us to deduce that ruthenium is also able to activate silanes. Attempts to 
determine the reaction intermediates by spectroscopic means were carried out, 
and eventually a mechanism to account for our experimental observations was 
proposed.  
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Enol esters are useful starting materials for a wide variety of organic reactions 
[1-9]. Although there are many ways of obtaining enol esters, the transition-
metal catalyzed direct addition of carboxylic acids onto alkynes is not only 
mercury-free, but also the most economical synthesis method [10-13]. For 
example, Shvo et. al. discovered ruthenium carbonyl complexes which have 
excellent catalytic activity towards hydrocarboxylation [14]. However, the 
selectivity issues associated with such systems are usually hard to ignore 
given that all three isomeric enol esters are formed (Scheme 2.1). As a result, many 
 
 
Scheme 2.1 The addition of carboxylic acids onto terminal alkynes catalyzed by transition 
complexes yields isomeric enol ester. 
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catalytic systems involving ruthenium [15-25], or other transition metals [26-
30], have been studied to selectively produce one enol ester form. 
Many recently reported catalytic systems produce predominantly the 
geminal (Markovnikov) or the cis (Z)-enol esters (Anti-Markovnikov) [15-
31]. For example, Dixneuf et al. managed to selectively produce the Z-enol 
ester by tuning the degree of steric hindrance around the catalyst metal centre 
[32]. Koley et al. illustrated the use of various bases to control the 
regioselectivity of their system to give germinal and Z-enol esters [33]. 
Systems for producing trans (E)-enol esters (Anti-Markovnikov) remain not as 
well studied as those for the synthesis of Z-enol esters [34].  
In our work, we have used a variety of mononuclear ruthenium (0) 
catalysts for the hydrocarboxylation process. When using diene-ruthenium (0) 
complexes, the E-enol esters can be produced selectively. When phosphines 
were used instead of dienes, the selectivity of the system was reversed to 
produce the geminal product predominantly. Since the ruthenium complexes 
are readily soluble in the substrates, the use of solvent was eliminated [18]. It 
is noteworthy that for most cases a significant yield was obtained after a short 
reaction time under relatively mild conditions with low catalytic loading. 
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2.2 Experimental Section 
2.2.1 General Procedures 
 All reactions and manipulations were carried out under inert 
conditions. Triruthenium Dodecacarbonyl, Ru3(CO)12 (1) (Aldrich, 99%) was 
recrystallized from cyclohexane before use. Phenylacetylene, 1-heptyne, 
glacial acetic acid, trimethylacetic acid, benzoic acid, 1,3-cyclohexadiene, 
2,5-norbornadiene, -terpinene, triphenylphosphine, tricyclohexylphosphine 
and triethylphosphite were obtained from Aldrich and used without further 
purification. Photolytic synthesis of the ruthenium precursors was done by 
placing the reaction flask 5-10cm from a broadband lamp (Philips, 11W, 380 
– 700 nm). IR spectra were collected in a liquid cell with CaF2 windows of 0.1 
mm pathlength, on Shimadzu IR Prestige-21 spectrometer. 1H NMR spectra 
were recorded using Bruker AMX 500 Fourier Transform Spectrometer at 
room temperatures and the chemical shifts were referenced to 
tetramethylsilane. The organic product yields were calculated from the 1H 
NMR spectra using reagent-grade toluene or tert-butyl benzene as internal 
standard. 
 
2.2.2 Synthesis of nonacarbonyltris(triphenylphosphine)triruthenium, 
Ru3(CO)9(PPh3)3 (2)  
Complex 2 was prepared after slight modification to literature 
procedure [35]. Complex 1 (0.5 g, 0.78 mmol) was refluxed with excess PPh3 
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in hexane until a dark violet precipitate was formed. The residue was collected 
via filtration and washed with ample amount of hexane. Recrystallization 




2.2.3 Synthesis of tricarbonyl(4-diene)ruthenium, Ru(CO)3(4-diene) 
[diene = 1,3-cyclohexadiene (3); -terpinene (4); 2,5-norbornadiene (5)] 
With reference to literature methods [36-37], complexes 3 - 5 were 
synthesized from the photolytic reaction of 1 with the respective diene. 
Complex 1 (0.1 g, 0.16 mmol) was photolyzed in a THF solution of diene (1 
mmol) for 30 hours. Solvent and the organic reactants were removed from the 
resulting pale yellow solution under reduced pressure. The desired product 
was recrystallized from hexane to yield a pale yellow precipitate (80%, 0.37 
mmol). 1H NMR of the coordinated diene of complexes 4 and 5 are presented 
in Table 2.1. 
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Table 2.1. Peaks observed in the 1H NMR spectra of ruthenium complexes 4 and 5.  
Species  / ppm Medium 
4 
 
5.27 (d, 1H), 5.22 (d, 1H), 1.88 (m, 4 H), 1.80 (m, 
1H), 1.67 (s, 3H), 1.10 (d, 6H)  
CDCl3 
 
5 3.33 (d, 4H), 1.43 (s, 2H), 1.11 (t, 2H) CDCl3 
 
 
2.2.4 Synthesis of tricarbonylbis(triethylphosphite)ruthenium, Ru(CO)3[P(OEt)3]2 
(6) 
Complex 6 was prepared from the displacement reaction of 
triethylphosphite with tricarbonyl(cyclooctatetraene)ruthenium, which was 
synthesized according to literature procedure [38-39]. 
Tricarbonyl(cyclooctatetraene)ruthenium (0.1 g, 0.34 mmol) and P(OEt)3 
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(0.15 g, 0.91 mmol) were dissolved in cyclohexane and  refluxed for 2 hrs. 
The pale yellow solid precipitated out of the solution upon cooling. The 
product was recrystallized from CHCl3-Hexane to give yellow crystals (0.12 
g, 0.23 mmol). 
 
 
2.2.5 Synthesis of  tetracarbonyl(triphenylphosphine)ruthenium, Ru(CO)4PPh3 
(7) 
Complex 7 was prepared from the reaction of complex 1 with 
phopshine [40]. Complex 1 (0.1 g, 0.16 mmol) and PPh3 (0.2 g, 0.75 mmol) 
were dissolved in hexane and the resultant solution was irradiated for 10 
hours. The resulting solution was filtered and the filtrate was collected. The 
solvent was filtered and the product was recrystallized using cold hexane 
(0.14 g, 0.29 mmol). 
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2.2.6 Synthesis of  tricarbonylbis(triphenylphosphine)ruthenium, Ru(CO)3(PPh3)2 
(8) 
Complex 8 was prepared from the reaction of complex 1 with 
phopshine [40]. Complex 1 (0.1 g, 0.16 mmol) and PPh3 (0.4 g, 1.5 mmol) 
were dissolved in CH3CN and the resultant solution was irradiated for 30 
hours. The pale yellow precipitate formed was collected and washed with 
hexane. The desired product was recrystallized from CHCl3-Hexane to give 
yellow crystals (0.3 g, 0.42 mmol). 
 
 
2.2.7 Synthesis of  tricarbonylbis(tricyclohexylphosphine)ruthenium, 
Ru(CO)3(PCy3)2 (9) 
Complex 9 was synthesized using a similar method for complex 8. 
Complex 1 (0.1 g, 0.16 mmol) and PCy3 (0.45 g, 1.5 mmol) were dissolved in 
CH3CN and the resultant solution was irradiated for 30 hours. The pale yellow 
precipitate formed was collected and washed with hexane. The desired 
product was recrystallized from CHCl3-Hexane to give yellow crystals (0.3 g, 
0.40 mmol). 
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2.2.8 Typical Procedure for Catalytic Reaction 
Carboxylic acid (5 mmol, 1 equiv.), alkyne (1 equiv.), and the catalyst 
(0.01 equiv.) were stirred at 75 0C for 5 hours. The reaction mixture was 
cooled and internal standard was added. The resulting mixture was then 
analyzed by 1H NMR (Table 2.2). The product was purified by silica gel 
column choromatography, using hexane/diethyl ether (10:1 v/v) solvent 
mixture as the eluant.  
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Table 2.2 1H NMR of various enol esters formed (See Appendix for 1H Spectra) 
Acid Alkyne Product 1H NMR (ppm) 
MeCOOH PhCCH -styryl acetate Geminal: 5.47 (d, 1H, 2Jgem = 2.5Hz), 5.02 (d, 1H, 2Jgem = 2.5Hz), 
2.27 (s, 3H) 
-styryl acetate 
E-isomer: 7.84 (d, 1H, 3Jtrans = 12.5Hz), 6.38 (d, 1H, 3Jtrans = 
12.5Hz), 2.17 (s, 3H) 
Z-isomer: 7.57 (d, 1H, 3Jcis = 7.5Hz), 5.69 (d, 1H, 3Jcis = 7.5Hz), 
2.25 (s, 3H) 
PhCOOH PhCCH -styryl benzoate Geminal: 5.57 (d, 1H, 2Jgem = 2.5Hz), 5.15 (d, 1H, 2Jgem = 2.5Hz) 
-styryl benzoate 
E-isomer: 8.09 (d, 1H, 3Jtrans = 12.5Hz), 6.56 (d, 1H, 3Jtrans = 
12.5Hz) 
Z-isomer: 7.64 (d, 1H, 3Jcis = 7.5Hz), 5.82 (d, 1H, 3Jcis = 7.5Hz) 
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tBuCOOH PhCCH -styryl trimethylacetate Geminal: 5.44 (d, 1H, 
2Jgem = 2.5Hz), 4.96 (d, 1H, 2Jgem = 2.5Hz), 
1.35 (s, 9H) 
-styryl trimethylacetate 
 
E-isomer: 7.84 (d, 1H, 3Jtrans = 12.5Hz), 6.40 (d, 1H, 3Jtrans = 
12.5Hz), 1.28 (s, 9H) 
Z-isomer: 7.58 (d, 1H, 3Jcis = 7.5Hz), 5.71 (d, 1H, 3Jcis = 7.5Hz), 
1.33 (s, 9H) 
MeCOOH (C5H11)CCH Hep-1-en-2-yl acetate Geminal: 4.72 (dd, 2H, 2Jgem = 1.5Hz) 
Hep-1-en-1-yl acetate 
E-isomer: 7.06 (dt, 1H, 3Jtrans = 12.5Hz), 5.41 (d, 1H, 3Jtrans = 
12.5Hz) 
Z-isomer: 7.00 (dt, 1H, 3Jcis = 6.5Hz), 4.87 (dt, 1H, 3Jcis = 6.5Hz) 
PhCOOH (C5H11)CCH Hep-1-en-2-yl benzoate Geminal: 4.82 (dd, 2H, 2Jgem = 1.5Hz) 
Hep-1-en-1-yl benzoate 
E-isomer: 7.32(dt, 1H, 3Jtrans = 12.5Hz), 5.61 (dt, 1H, 3Jtrans = 
12.5Hz) 
Z-isomer: 7.26 (dt, 1H, 3Jcis = 6.5Hz), 5.00 (dt, 1H, 3Jcis = 6.5Hz) 




1-cyclohexylethen- 1-yl acetate Geminal: 4.71 (dd, 2H, 
2Jgeminal = 1.5Hz) 
2-cyclohexylethen-1-yl acetate 
E-isomer: 7.06(d, 1H, 3Jtrans = 12.5Hz), 5.37 (dt, 1H, 3Jtrans = 
12.5Hz) 
Z-isomer: 6.90 (dd, 1H, 3Jcis = 6.5Hz), 4.73 (dd, 1H, 3Jcis = 6.5Hz) 
PhCOOH CyCCH 
1-cyclohexylethen- 1-yl benzoate Geminal: 4.82 (dd, 2H, 
2Jgeminal = 1.5Hz) 
2-cyclohexylethen-1-yl benzoate 
E-isomer: 5.58 (dd, 1H, 3Jtrans = 12.5Hz) 
Z-isomer: 4.88 (dd, 1H, 3Jcis = 6.5Hz) 
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2.3 Results and Discussion 
We find that the addition of carboxylic acids onto terminal alkynes can 
be catalyzed by a variety of ruthenium (0) complexes. The studied catalysts 
were classified into three groups: (i) trinuclear clusters: Ru3(CO)12 (1) and 
Ru3(CO)9(PPh3)3 (2); (ii) mononuclear diene complexes: Ru(CO)3(1,3-
cyclohexadiene) (3), Ru(CO)3(-terpinene) (4), Ru(CO)3(2,5-norbornadiene) 
(5); (iii) mononuclear phosphine complexes: Ru(CO)3[P(OEt)3]2 (6), 
Ru(CO)4(PPh3) (7), Ru(CO)3(PPh3)2 (8) and Ru(CO)3(PCy)2 (9). The 
syntheses of complexes 2 – 9 from commercially available 1 were 
straightforward. In addition, as infrared spectra (Table 2.3) recorded before 
each catalytic run did not indicate any sign of decomposition, these complexes 
are reasonably stable towards air and moisture. The organic products were 
characterized using 1H NMR techniques, and their splitting pattern and 
chemical shifts were matched to those reported in literature [42]. 
 When phenylacetylene was used as a reagent in the 
hydrocarboxylation reaction (Table 2.4), it was observed that the substituent 
group (Ph, Me or tBu) on the carboxylic acid reagent did not affect the enol 
ester yield significantly. However, it was found that when trinuclear 
complexes 1 and 2 were used, the system gave a smaller enol ester yield (< 
90%) compared to the mononuclear systems under the same reaction 
condition. One possible reason is that the trinuclear complexes react with the 
substrates present and dissociate into monomeric ruthenium species. Only one,
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Table 2.3. Peaks observed in the IR spectra of the ruthenium complexes 1 – 9.  
Species  CO / cm-1 Medium ref. 
Ru3(CO)12 1 2060 (vs), 2030 (s), 2011 (m) Hexane  
Ru3(CO)9(PPh3)3 2 2041 (vw), 1972 (sh), 1969 (vs). DCM 35 
Ru(CO)3(1,3‐cyclohexadiene) 3 2061 (s), 1994 (s), 1988 (s) Hexane 37 
Ru(CO)3(‐terpinene) 4 2053 (s), 1985 (s), 1980 (s) Hexane  
Ru(CO)3(2,5‐norbornadiene) 5 2047 (s), 1980 (s, br.) Hexane  
Ru(CO)3[P(OEt)3]2 6 1927 (s), 1916 (s) Hexane 38 
Ru(CO)4(PPh3) 7 2060 (s), 1987 (m), 1954 (vs) Hexane 40 
Ru(CO)3(PPh3)2 8 1886 (s) DCM 40 
Ru(CO)3(PCy)2 9 1871 (s), 1851 (s) DCM 41 
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Table 2.4 Addition of carboxylic acids onto phenylacetylene catalyzed by complexes 
1 – 9. [a] 
 
 
Entry Complex Acid Yield [b] Selectivity[c] E/Z 
1 1 PhCOOH 80 (73) 75 4.2 
2  MeCOOH 75 (69) 89 3.1 
3  tBuCOOH 75 (72) 90 2.8 
      
4 2 PhCOOH 80 (75) 15 1.6 
5  MeCOOH 82 (75) 20 3.3 
6  tBuCOOH 80 (77) 20 1.2 
      
7 3 PhCOOH 95 (90) 94 5.3 
8  MeCOOH 96 (92) 97 4.4 
9  tBuCOOH 93 (91) 95 4.2 
      
10 4 PhCOOH 97 (95) 95 5.8 
11  MeCOOH 94 (91) 95 5.0 
12  tBuCOOH 95 (93) 98 4.4 
      
13 5 PhCOOH 93 (89) 92 5.4 
14  MeCOOH 99 (95) 98 4.6 
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15  tBuCOOH 92 (90) 97 4.2 
      
16 6 PhCOOH 93 (87) 48 0.46 
17  MeCOOH 93 (90) 39 0.74 
18  tBuCOOH 90 (88) 41 0.71 
      
19 7 PhCOOH 92 (87) 13 1.0 
20  MeCOOH 92 (86) 13 1.2 
21  tBuCOOH 91 (89) 12 1.2 
      
22 8 PhCOOH 95 (89) 4.0 1.2 
23  MeCOOH 97 (92) 3.9 1.5 
24  tBuCOOH 92 (89) 4.2 1.1 
      
25 9 PhCOOH 96 (91) 4.5 0.43 
26  MeCOOH 94 (89) 4.9 0.52 
27  tBuCOOH 93 (89) 4.8 0.50 
[a] Catalysis was carried out with 1% cat loading at 80 oC for 5 hours. [b]  Total enol esters 
determined by 1H NMR. (isolated yields) [c] anti-Markovnikov Pdt/ Total enol esters 
(Regioselectivity). 
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or some, of these species may exhibit catalyic behavior [43-44]. Hence the 
slightly lower yield can be attributed to the extra induction time required for 
conversion to occur, together with a lower catalytic loading due to formation 
of inactive species. 
The regioselectivity of the system was not affected by the substituent 
of the acid, as inferred from the ratio of anti-Markovnikov to total enol ester 
yields (Table 2.4). Increasing the reaction temperature to 100 0C also has no 
effect on the overall selectivity of the system. On the other hand, there was a 
marked difference in regioselectivity when the comparatively poor -donating 
ligand (an alkene, in the form of 2-diene)on the metal complex was replaced 
by strong -donating ligands (phosphines). 
 The majority of the enol esters catalyzed by complexes 3, 4 and 5 were 
anti-Markovnikov, while those catalyzed by complexes 6, 7, 8 and 9 were 
Markovnikov. The differences in electron density at the metal centre caused 
by the ligands, is responsible for this result. The initial reaction step is 
believed to be the dissociation of a ligand from the starting ruthenium 
complex I, so as to accommodate an incoming substrate molecule (Scheme 
2.2). The metal centre of the resultant 16-electron alkyne coordinated 
intermediate II would have varying degree of electron density depending on 
the nature of the ligand L (alkene or phosphine) [45-47]. The weak -
donating and strong -accepting nature of alkenes would reduce the electron 
density at the metal centre, favouring the formation of the vinylidene intermediate 
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(i) L = Alkenes














Scheme 2.2 Proposed reaction pathway of Mononuclear Ru(0) complex-catalyzed 
hydrocarboxylation (i) Alkenes (2-dienes) reduce the electron density on metal centre and 
favours the formation of vinylidene intermediate (III). (ii) Phosphines enhance the electron 
density on the metal centre and promote the addition of the acid to give intermediate (V). 
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III (step 2), which is a well-accepted intermediate for anti-Markovnikov 
addition reactions [48-50]. Nucleophilic addition of acid onto vinylidene (step 
3) would give the RuII intermediate IV, which subsequently undergoes 
reductive elimination of the product (step 4) to complete the anti-
Markovnikov addition cycle. On the other hand, the strong -donating and 
weak -accepting nature of phosphines would increase the electron density at 
the metal centre and disfavor the formation of the vinylidene intermediate III. 
From the phosphine-coordinated intermediate II, and oxidative addition 
process (step 5) would give intermediate V, which subsequently undergoes 
reductive elimination  of the product (step 6) to complete the anti-
Markovnikov addition cycle. In line with our proposal, complex 6, bearing the 
weaker -donating P(OEt)3 ligands, is less selective compared to 8 and 9 that 
bear the stronger -donating PPh3 and PCy3 groups, respectively. 
It was observed that the stereoselectivity (E/Z ratio, Table 2.4) of the 
system could be affected by the nature of the carboxylic acid. The exact cause 
for the difference in stereoselectivity remains unclear, as since both steric and 
electronic factors could be involved. An attempt was made to alter the 
stereoselectivity of the product by attaching a bulky diene ligand (-
terpinene) with similar electronic properties to 1,3-cyclohexadiene on the 
ruthenium catalyst (complex 4). The results showed that 4 enhanced the ratio 
of E- to Z-enol esters by only 10% compared to 3. It was also noticed that 
using conjugated or nonconjugated dienes as ligands has no significant effect 
on the performance of the catalyst.  
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Table 2.5 Addition of carboxylic acids onto 1-Heptyne catalyzed by complexes 1 – 5 
and 8. [a] 
 
 
Entry Complex Acid Yield [b] Selectivity[c] E/Z 
1 1 PhCOOH 72 (64) 38 1.8 
2  MeCOOH 74 (66) 43 2.1 
      
3 2 PhCOOH 72 (67) 6.2 0.31 
4  MeCOOH 75 (69) 7.3 0.35 
      
5 3 PhCOOH 83 (77) 32 1.4 
6  MeCOOH 85 (79) 50 2.8 
      
7 4 PhCOOH 88 (82) 28 1.8 
8  MeCOOH 85 (81) 50 2.2 
      
9 5 PhCOOH 82 (76) 27 1.9 
10  MeCOOH 85 (78) 56 1.9 
      
11 8 PhCOOH 84 (80) 4.3 0.35 
12  MeCOOH 82 (76) 4.5 0.39 
[a] Catalysis was carried out with 1% cat loading at 80 oC for 5 hours. [b]  Total enol 
esters determined by 1H NMR. (isolated yields) [c] anti-Markovnikov Pdt/ Total enol 
esters (Regioselectivity). 
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Table 2.6 Product details for the addition of carboxylic acids onto cyclohexylacetylene 




Entry Acid Yield [b] Selectivity[c] E/Z 
1 PhCOOH 86 (82) 30 2.0 
2 MeCOOH 81 (76) 76 1.8 
[a] Catalysis was carried out with 1% cat loading at 80 oC for 5 hours. [b]  Total enol 
esters determined by 1H NMR. (isolated yields) [c] anti-Markovnikov Pdt/ Total enol 
esters (Regioselectivity). 
 
The ruthenium complexes used in this study can also catalyze the 
addition of carboxylic acids onto aliphatic alkynes (Table 2.5). Although the 
product yield is acceptable, the aliphatic alkyne system suffer from poor 
selectivity. In order to investigate the steric effect of the substituent group on 
the alkyne on the product selectivity, cyclohexylacetylene was used as 
substrate (Table 2.6). The results showed that the more bulky acetylene did 
not affect the reaction to a large extent.  Hence we believe that the lack of 
selectivity was due to an electronic effect. In fact, when an aliphatic alkyne 
was present in intermediate II (Scheme 2.2) the electron density at the metal 
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centre would increase, due to the more electron-rich CC bond, compared to 
when  aromatic alkynes are bound to the metal centre. This increase in 
electron density at the metal centre would favour the oxidative addition of 
acids (Step 5) to form intermediate V instead of the vinylidene intermediate 
III (step 2).  
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In summary, it was found that the addition of carboxylic acids onto alkynes 
can be catalyzed by mononuclear ruthenium (0) complexes. The nature of the 
acid did not affect the system greatly, while it was observed that ruthenium 
(0) complexes containing aromatic alkynes gave better product selectivity 
than those incorporating aliphatic alkynes. The regioselectivity of the product 
can be controlled by varying the electron density on the ruthenium centre. 
Alkenes (2-dienes) reduces the electron density at the metal centre, 
stabilizing the vinylidene intermediate allowing for anti-Markovnikov 
products to be formed preferentially. Phosphines increase the electron density 
on the meal centre, prompting the occurrence of a direct oxidative addition 
process to give the Markovnikov products. E-enol esters were formed 
preferentially when Ru(CO)3(4-diene) complexes were used. 
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The synthesis of functionalized pyrroles is highly sought after due to 
their importance in the study of natural products, biologically active 
compounds and material science [1-11]. Various synthetic methods, including 
the Knorr [12-13], Paal-Knorr [14-17], Hantzsch [18-19], Piloty-Robinson 
[20-21] and aza-Wittig [22] synthesis have been reported for the production of 
functionalized pyrroles. In addition to these methods, direct functionalization 
of pyrrole has also been achieved via pyrrolyl C-H bond activation route [23-
24], generating much interest due to the ability to selectively functionalize 
organic molecules. Subsequent addition of the activated site across alkynes 
provides an elegant one-step reaction towards the formation of vinylpyrroles 
(Scheme 3.1), which otherwise required multiple steps [25-26]. The resulting 
vinylpyrrole can further be modified via its unsaturated bond to produce a 




Scheme 3.1. Markovnikov addition of pyrrole across a terminal alkyne occurs in the 
presence of a ruthenium catalyst to produce vinylpyrrole. 
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Although a wide variety of metal catalysts, including gold [34-35], 
nickel [36], indium [37-38], palladium [39-41], rhodium [42-43] and 
ruthenium [44-45] has been shown to catalyze the hydroarylation of N-
heterocyclic compounds, it is only recently that palladium and ruthenium 
complexes have been shown to catalyze the addition of pyrroles onto 
unactivated alkynes [46-47]. Due to a lack of gem-selective pyrrole 
hydroarylation systems as highlighted by Gao et. al. [47], it is therefore 
desirable to develop a stereoselective system for the exclusive formation of 
germinal hydroarylation products. 
 We have recently found that the bromoruthenium carbonyl dimer, 
Ru2(CO)4Br4L2 (L = CO or PPh3), catalyzes the hydroarylation of pyrroles 
even at room temperature. The reaction proceeds regioselectively to give 
germinal products in high yields (99%). It was noted that although the 
ruthenium dimer has been shown to catalyze hydroamination reactions, the 
formation of N-vinylpyrroles (hydroamination products) was not observed 
[48]. The stereo- and chemoselective nature of the system led us to propose 
Ru2(CO)4Br4L2 as an excellent alternative catalyst to existing pyrrole 
hydroarylation systems in producing 2-vinylpyrroles. Interestingly, by 
reacting vinylpyrroles with pyrroles or alkynes to give the unique 
dipyrrolmethanes or 2,5-bis(vinyl)pyrroles respectively, we have 
demonstrated the usefulness of the system for the development of 
functionalized pyrroles. The products obtained are believed to have potential 
applications in wide variety of areas. 
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3.2 Experimental Section 
3.2.1 General Procedures 
Triruthenium Dodecacarbonyl, Ru3(CO)12 (Aldrich, 99%), was recrystallised 
from cyclohexane before use. Phenylacetylene (98%), 1-hexyne (98%), 
propargyl alcohol (99%), pyrrole (98%), 1-methylpyrrole (99%) and 1-
phenylpyrrole (99%) were obtained from Alfa Aesar, and used without further 
purification. IR spectra were collected with liquid samples in a cell with CaF2 
windows and 0.1 mm pathlength, with a Shimadzu IR Prestige-21 
spectrometer. 1H NMR spectra were recorded with a Bruker AMX 500 
Fourier Transform Spectrometer at room temperature, using CDCl3 as solvent. 
The chemical shifts were referenced to tetramethylsilane. Organic product 
yields were calculated from the 1H NMR spectra using reagent grade toluene 
as internal standard (Table 3.1). Mass spectra of the organic products are 
recorded with a Finnigan Mat 95XL-T spectrometer. 
The ruthenium complexes, Ru2(CO)4(PPh3)2Br4 and Ru2(CO)6Br4, 
were prepared from Ru3(CO)9(PPh3)3 (see section 2.2.2) and Ru3(CO)12 
respectively according to literature methods and characterised by FTIR 
spectroscopy [49].  
 
3.2.2 Synthesis of Ru2(CO)4(PPh3)2Br4 
Ru3(CO)9(PPh3)3 (0.5 g, 0.37 mmol) was dissolved in cold benzene, before 
excess Br2 was added. The initial purple ruthenium turned dark yellow 
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immediately. The solvent and unreacted Br2 were then removed under reduced 
pressure. At this point, the residue contains a majority of Ru(CO)3(PPh3)Br2. 
This was redissolved in enough CHCl3 to give a saturated solution, which was 
heated at 50 0C for 30 mins. Hexane was then added to precipitate the product. 
The product was recrystallized from a CHCl3-Hexane solvent pair to give the 
yellow product (0.35 g , 0.30 mmol). The yellow product was of sufficient 
quality to be used for single-crystal X-ray analysis. 
 
(Found: C 41.3, H 2.7, Br 27.2  C40H30O4Br4P2Ru2 requires C 41.6, H 2.6, Br 
27.4); 31P NMR  41.3 ppm; (CO): (CHCl3) 2070s, 2012Ss cm-1. 
 
3.2.3 Synthesis of Ru2(CO)6Br4 
Ru3(CO)12 (0.2 g, 0.31 mmol) was dissolved in sufficient benzene, before 
excess Br2 was added. The solution turned pale yellow immediately. The 
solvent and unreacted Br2 were then removed under reduced pressure. Hexane 
was added to the residue and heated at 50 0C until a yellow precipitate forms. 
The yellow precipitate was collected and recrystallized using CHCl3-Hexane.  
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(Found: C 10.4, Br 46.4  C6O6Br4Ru2 requires C 10.2, Br 46.3); (CO): 
(CHCl3) 2138s, 2078s cm-1. 
 
3.2.4 Synthesis for [Ru2(CO)4(CH3COO)2]n 
[Ru2(CO)4(CH3COO)2]n was prepared according to literature methods [50]. 
Ru3(CO)12 (0.2 g, 0.31 mmol) was dissolved in glacial acetic acid and 
refluxed for 6 hours. Yellow precipitate formed was collected by filtration or 
centrifugation. The solid was then washed with aliquots of acetic acid 
followed by diethyl ether to give the yellow product (0.08 g, 0.19 mmol). 
 
 
3.2.5 Typical procedure for catalytic reaction 
Pyrrole (10 mmol) and alkyne (1 mmol) was added to a CHCl3 solution (1mL) 
containing the catalyst (20 µmol). The reaction mixture was then reacted at 
either room temperature (25 0C) or at 50 0C. Sampling was carried out at 30 
min intervals. The reaction was stopped after 4 h before excess hexane was 
added to precipitate the catalyst. The solvent from the filtrate was removed 
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under reduced pressure, and the remaining contents were passed through a 
silica gel column, using CHCl3:Hexane (3:1 v/v) solvent pair as eluant.  
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Table 3.1 1H NMR of various pyrrole addition products formed. 



























7.76  (br  s, NH),  7.3  –  7.1  (m,  5H, 
phenyl), 6.60 (m, 2H, pyrrolyl), 6.14 







2H,  pyrrolyl),  6.02    (m,  2H, 
pyrrolyl),  5.86    (m,  2H,  pyrrolyl), 
3.09 (s, 6H, CH3), 2.08 (s, 3H, CH3). 
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7.3  –  6.8  (m,  15,  phenyl),  6.29  (s, 
2H, pyrrolyl), 5.28 (d, JH‐H = 1.25 Hz, 
2H,  =CH2),  5.07  (d,  JH‐H  =  1.25 Hz, 
=CH2). 
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3.3 Results and Discussion 
Synthesis of Ru2(CO)4(PPh3)2Br4 can easily be achieved and the 
obtained product can be purified conveniently. The complex was found to be 
stable under normal atmospheric conditions. The molecular structure of 
Ru2(CO)4(PPh3)2Br4 was determined using X-Ray Crystallography from 
single crystals grown by slow evaporation of solvent from a dichloromethane 
solution. Ru2(CO)4(PPh3)2Br4 crystallizes in space group P2(1)/n, with unit 
cell dimensions a = 9.88, b = 16.11, c = 14.45,  = 100.090. The structure was 
refined using the SHELXTL program, leading to a reasonable agreement 
factor, R = 0.066. Disorders, caused by the formation of isomers A and B 
(Figure 3.1) during the synthesis of Ru2(CO)4(PPh3)2Br4, were observed. The 
existence of isomers is not surprising as similar isomeric structures have also 
been observed for Ru2(CO)6Br4 previously [51]. In both isomers, the 
ruthenium centre achieved a near octahedral geometry, with the bulky 
phosphine group being located in the equatorial plane. Such an orientation is 
expected as it would experience the least steric repulsion as compared to other 
conformations. It was observed that the bond distance between each 
ruthenium centre and the bridging bromine atoms, Br(1) (2.587 Å) and Br(1A) 
(2.609 Å) are slightly different. This difference may be caused by the different 
extent of trans-influence exerted by the phosphine and carbonyl ligands [52]. 
The difference between the bond distance of ruthenium and terminal bromine 
atoms of each isomer, A: Br(2) (2.540 Å); and B: Br(2K) (2.391Å), are much 
more obvious. In these two cases, the Br ligand is trans to either a CO or a bridging
  




Figure 3.1(a) ORTEP view of solid-state structures of Ru2(CO)4(PPh3)2Br4 isomer A. Hydrogen atoms are removed for clarity. Pertinent bond 
distances (Å): Ru1 – C1, 1.911(7); Ru1 – C2, 1.872(6); Ru1 – P1, 2.3353(17); Ru1 – Br1, 2.5970; Ru1 – Br1A, 2.6090(8); Ru1 – Br2, 2.5397(9). See 
Appendix for more crystal data. 






Figure 3.1(b) ORTEP view of solid-state structures of Ru2(CO)4(PPh3)2Br4 isomer B. Hydrogen atoms are removed for clarity. Pertinent bond 
distances (Å): Ru1 – C1, 1.911(7); Ru1 – C2k, 1.890(10); Ru1 – P1, 2.3353(17); Ru1 – Br1, 2.5970; Ru1 – Br1A, 2.6090(8); Ru1 – Br2k, 2.391(15). 
See Appendix for more crystal data. 
Chapter 3 Addition of Pyrroles onto Terminal Alkynes 
Catalyzed by Dinuclear Ruthenium (II) Complexes 
75 
 
Br ligand, suggesting that the difference in bond distance is due to 
thermodynamic trans effect. CO being a stronger -donor than the bridging Br 
ligand, tends to distort the electron density on Ru towards itself, thereby 
weakening and lengthening the Ru-Br bond [53]. The above mentioned 
observations are in agreement with the analogous Ru(CO)2(PPh3)2Br2 and 
Ru2(CO)6Br4 crystal structures [54-55]. 
It was found that the dinuclear ruthenium complex [51], 
Ru2(CO)4(PPh3)2Br4, was able to catalyze the addition of pyrroles across 
terminal alkynes with high efficiency (TON of 50 over 4h) (Table 3.2, entry 
1). The reaction proceeds at relatively mild conditions, hence does not require 
any sophisticated setup. The analogous bromoruthenium carbonyl dimer [51], 
Ru2(CO)6Br4, was also able to catalyze the same reaction, although its activity 
was much lower when compared to the phosphine complex (Table 3.2, entry 
2). Our preliminary observations suggest that the lower activity of the 
carbonyl was probably due to an electronic rather than a steric effect, as 
otherwise the system that contains bulky phosphines will produce a lower 
yield. As the ruthenium dimer is known to generate active ruthenium 
intermediates which are electron-deficient, the presence of strong -donating 
phosphines would promote their formation to a larger extent than carbonyl 
ligands. 
In contrast, the mononuclear analogue [55], Ru(CO)2(PPh3)2Br2, was 
found to be inert towards the same reaction (Table 3.2, entry 3). Such an 
observation is expected due to the strong coordinating property of PPh3, which hinders  
Chapter 3 Addition of Pyrroles onto Terminal Alkynes 
Catalyzed by Dinuclear Ruthenium (II) Complexes 
76 
 
Table  3.2 Ruthenium-catalyzed hydroarylation of N-methylpyrrole, 1a, with 2a [a]  
 
Entry Catalyst % Yield [b] 
1 Ru2(CO)4(PPh3)2Br4 99 
2 Ru2(CO)6Br4 15 [c] 
3 Ru(CO)2(PPh3)2Br2 0 
4 Ru3(CO)12 0 
5 Ru3(CO)12/ NH4PF6 20 
6 Ru3(CO)9(PPh3)3 0 
7 [Ru2(CO)4(CH3COO)2]n 2 
 
[a] Reactions were carried out based on 1a (10 mmol) and 2a (1 mmol) with 2% catalytic 
loading. [b] Total yield w.r.t. amount of 2a used. [c] The low yield was due to further reaction 
of the product to give 5 in 25% yield.  
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the generation of a vacant site on the metal centre, especially at low reaction 
temperatures. On the contrary, the Br-bridged dinuclear Ru2(CO)4(PPh3)2Br4 
complex can readily dissociate to give, for example, the 16-electron 
Ru(CO)2(PPh3)Br2 species, which will then allow for substrate coordination 
and subsequent catalysis. 
When other ruthenium complexes, such as Ru3(CO)12, 
Ru3(CO)9(PPh3)3 [56] and [Ru2(CO)4(CH3COO)2]n [50,57] were used, the 
catalysis did not proceed efficiently (Table 3.2, entry 4 – 7). In the case of 
Ru3(CO)12, the addition of acidic salt NH4+PF6- was required to obtain 
substantial yield [47]. This presumably suggests that Ru-catalyzed 
hydroarylation involves the formation of ionic species, which are responsible 
for any catalytic activity. 
Optimization of the system has been performed by studying the effect 
of various solvents on the catalytic process. Use of solvent is necessary 
especially when the ruthenium complex does not dissolve readily in the 
substrate. A variety of solvents, including THF, CH3CN and CHCl3 has been 
used with the yields of the organic products recorded in Table 3.3. As 
expected, the incomplete dissolution of the ruthenium complex in neat 
substrates, which corresponded to a lower catalytic loading, led to a lower 
product yield (Table 3.3, entry 1). When coordinating solvents (THF and 
CH3CN) were used instead, a drastic drop in efficiency was observed (Table 
3.3, entry 3 and 4). We reasoned that the coordinating nature of THF and CH3CN
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Table 3.3 Catalytic reaction of 1a and 2a carried out in different solvents [a] 
 
 
Entry Solvent [b] % Yield [c] 
1 Neat 74 
2 CHCl3 99 
3 THF 15 
4 CH3CN 0 
 
[a] Reactions were carried out based on 1a (10 mmol) and 2a (1 mmol) with 2% catalytic 
loading. [b] 1 mL of solvent was sufficient to homogenize the reaction mixture. [c] Total yield 
w.r.t. amount of 2a used. 
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Table 3.4 Ru2(CO)4(PPh3)2Br4-catalyzed hydroarylation of pyrroles, 1, with alkynes, 2 [a] 
 
Entry 1 2 Temp/ 0C Time/ h 3 %Yield of 3[b] 
1 1a 2a 25 0.5 3a 48 
2 1a 2a 25 4 3a 89 (86) 
3 1a 2a 50 0.5 3a 65 
4 1a 2a 50 4 3a 99(97) 
5 1a 2b 50 4 3b 27 
6 1a 2c 50 4 3c 14 
7 1a 2d 50 4 3d 0 
8 1b 2a 50 0.5 3e 5 
9 1b 2a 50 4 3e 21 (15) 
10 1c 2a 50 0.5 3f 7[c] 
11 1c 2a 50 4 3f 0[c] 
[a] Reactions were carried out based on pyrrole (10 mmol) and alkyne (1 mmol) with 2% 
catalytic loading. [b] Total yield w.r.t. amount of alkyne used. Isolated yields are in 
parentheses. [c] Further reaction of 3f gave the double addition product 4 in 91% yield.  
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induced increased competition between solvent and substrates for binding 
sites on the ruthenium center, which resulted in the reaction being hindered. 
The degree of inhibition is proportional to the coordinating strength of the 
solvent, with the stronger CH3CN ligand inactivating the reaction completely. 
Addition of pyrroles across the alkyne bond was observed in the 
presence of Ru2(CO)4(PPh3)2Br4 catalyst, although excess amount of the 
pyrrole is required (Table 3.4). A mild reaction condition was sufficient to 
initiate the reaction using N-methylpyrrole (1a) and phenylacetylene (2a) to 
give the 2-vinylpyrrole product 3a (Table 3.4, entry 1-2). The reaction can 
further be optimized by slightly increasing the temperature (Table 3.4, entry 
3-4). When the reaction of 1a with other alkynes was examined, it was noted 
that the yield of the products were lower when aliphatic alkynes were used 
(Table 3.4, entry5-7). The reduced reactivity is likely to be caused by 
electronic factors since even 1-hexyne (2b) and propargyl alcohol (2c), which 
are relatively less bulky than 2a, suffers from low efficiency. There was no 
reaction between 1a and 3-methyl-1-pentyn-3-ol (2d) (Table 3.4, entry 7). The 
reaction does not proceed with internal alkynes, such as 3-hexyne and 
diphenylacetylene, even at elevated temperatures and longer reaction times. 
N-phenylpyrrole (1b) adds across 2a to produce the corresponding 2-
vinylpyrrole 3e, albeit with a lower yield (Table 3.4, entry 8 and 9). It is 
reasonable for the more electron-deficient 1b to have a lower yield, since the catalysis  
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Scheme 3.2. (A) 3f reacts immediately upon formation with another molecule of 
pyrrole to give 4. (B) Double addition involving 1a can only take place using the less 
bulky Ru2(CO)6Br4 catalyst. (C) Addition of 1c to 3a can occur due to the lack of 
steric bulk on the incoming pyrrole. (D) Addition of 2a to 3a can occur when the 
pyrrole-alkyne ratio is reduced. (E) Similarly, addition of 2a to 3e can also occur. 
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is most likely to proceed via an electrophilic aromatic substitution pathway if 
the pyrrole acts as the nucleophile [46,58]. The low yield can also be caused 
by steric factors, with the relatively more bulky phenyl group on 1b hindering 
the reaction. 
1c reacted with 2a to produce the corresponding vinyl pyrrole product 
3f (Table 3.4, entry 10 and 11). However the catalysis did not stop upon 
formation of 3f. Instead the product underwent further reaction immediately to 
give the double addition product (dipyrrolmethane), 4 (Scheme 3.2, part A). 
Due to the reactivity of 3f in the system, it could not be isolated to give a pure 
sample for analysis, with its existence being detected only at the initial stages 
of the reaction. We believed the lack of steric bulk on the N-atom of 1c was 
responsible for the rapid formation of 4. For the case of 1a, the additional 
methyl group together with the bulky ruthenium catalyst would restrict further 
reaction of 3a. To provide more evidence, it was noted that by using the less 
bulky Ru2(CO)6Br4 catalyst, the formation of the double addition product 5 
can be achieved (Scheme 3.2, part B). This suggests that it is possible to 
selectively form either vinylpyrrole or dipyrrolmethane products by tuning the 
steric bulk of the system. 
Hence, following the above explanation, it can be expected that 1c will add to 
3a under the same condition. Indeed, the unique mixed pyrrole product, 6, 
was formed when 1c and 3a were reacted in the presence of 
Ru2(CO)4(PPh3)2Br4 catalyst (Scheme 3.2, part C). The formation of 6 joins a 
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list of useful dipyrrolmethanes, and points toward the advantage of having a 
controlled system for developments in a wide variety of applications. 
Next, it was observed that under a different set of reaction conditions, 
vinylpyrroles 3 can also add across an alkyne to give 2,5-bis(vinyl)pyrroles, 7 
and 8 (Scheme 3.2, part D and E). The reaction can be controlled by simply 
adjusting the pyrrole-alkyne ratio to give the desired product. When the 
amount of pyrrole is sufficiently in excess of the alkyne (at least 10 equivalent 
of pyrrole to 1 equivalent of alkyne), 3 is formed exclusively.  On the 
contrary, decreasing the ratio will give rise to the formation of 2,5-
bis(vinyl)pyrroles. Based on our knowledge, synthesis of 2,5-
bis(vinyl)pyrroles, such as 7 or 8, is relatively unknown. Thus the obtained 
results will present an attractive platform for the synthesis of bis-




Scheme 3.3 Reaction of 1a with d1-phenylacetylene. 
 
 




Figure 3.2 Alkenyl region in the 1H NMR spectrum showing the formation of deuterated 2-vinylpyrroles. The slight shift away from the non-
deuterated product wais caused by isotope shift effect. 
 





























Figure 3.3 FTIR spectrum obtained upon completion of the catalysis. 
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In an attempt to understand the reaction mechanism, deuterium studies 
were carried out using d1-phenylacetylene. From the reaction of 1a with 
PhCC-D, we have managed to obtain partial deuteration of the alkenyl proton 
alkenyl proton of 2-vinylpyrroles (Scheme 3.3). Since there was no sign of 
deuteration on the other positions of the product, it was clear that alkyne C-D 
bond cleavage did not occur during the reaction. This result is in contrast to 
other ruthenium systems studied by Yi et. al., where H/D exchange was 
observed at various positions on the product [47]. The lower chemical shift 
experienced by the deuterated product is a result of isotope shift effect (Figure 
3.2,  5.53 and 5.32 ppm, compared to 5.54 and 5.34 ppm of 3a) [59-60]. The 
small amount of 3a formed may be a result of a side reaction involving a H/D 
exchange of PhCC-D with atmospheric H2O. 
 Infrared spectra obtained after the reaction revealed 2 sets of peaks at 
(a) 2070 and 2013 cm-1, and (b) 2056 and 1997 cm-1 corresponding to the 
starting ruthenium complex Ru2(CO)4(PPh3)2Br4 and the inactive species 
Ru(CO)2(PPh3)2Br2 respectively (Figure 3.3). The presence of 
Ru(CO)2(PPh3)2Br4 complex was probably due to the reaction of the dinuclear 
complex with free PPh3 released from decomposed ruthenium intermediates. 
We believed that the active ruthenium species must have a short lifetime and 
hence eluded detection by FTIR spectroscopy.  
 As mentioned earlier, Ru-catalyzed pyrrole hydroarylation reactions 
most likely involve the formation of ionic species [47].  Hence, we first 
proposed the idea of ionic species being actively involved in our system 
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(Scheme 3.4). Since pyrrole hydroarylation follows electrophilic aromatic 
substitution, formation of cationic ruthenium species would only favour the 
reaction. In addition, the electron-deficient intermediate can be stabilized by a 
strong -donating phosphine, which probably also accounts for a higher yield 
that was obtained when Ru2(CO)4(PPh3)2Br4 was used. Formation of an ionic 
intermediate can also account for the exclusive formation of the Markovnikov 
product. In the mechanism, the cationic ruthenium species may be generated 
upon dissociation of the ruthenium dimer to the monomer species. This is 
followed by the expulsion of a bromide ion upon alkyne coordination to give a 
species resembling intermediate i. Depending on the R group, either 
intermediate i or ii would be favoured for charge stabilization. When 2a was 
used for example, the resultant benzyl carbocation formed would be relatively 
more stable than primary aliphatic carbocations, hence driving the reaction 
forward and accounting for the higher product yield associated with it. 
Subsequent step involving the attack of pyrrole onto ii would be driven by the 
electronic attraction between the electron-rich aromatic ring and the 
carbocation respectively. Ring substitution occurred exclusively at C-2 instead 
of the C-3 position due to a more extensive delocalization of the resultant 
positive charge throughout the pyrrole ring. Subsequent rearrangement within 
intermediate iii would form the addition product and complete the reaction 
cycle. 
 Apart from this pathway, we have also considered other similar 
mechanisms involving cationic ruthenium species. As the alkyne C-H bond 
was observed to have remained intact throughout the reaction, mechanisms 
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involving the formation of ruthenium acetylide species cannot be applied to 
our system [61]. Also we ruled out the possibility of pyrrole being the first 
substrate to react with the ruthenium, as there was no observation reaction 
between pyrrole and the ruthenium starting material [62]. Lastly, we wish to 
emphasize that while the ionic mechanism was able to account for our 
experimental observations, we could not rule out any possibilities of the 








Scheme 3.4  Proposed mechanism for the reaction of pyrroles with alkynes. 
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The addition of pyrroles onto alkynes was catalyzed by the dinuclear 
Ru2(CO)4(PPh3)2Br4 complex. Formation of 2-vinylpyrroles and 2,5-
bis(vinyl)pyrroles have been achieved with high product yield. Further 
functionalization with pyrroles via the vinyl functional group can readily be 
achieved, as exemplified from the formation of the unprecedented 1-(1H-
pyrrol-2-yl)-1-(1-methylpyrrol-2-yl)-1-phenylethane. A mechanism involving 
ionic species was proposed in an attempt to understand the process. The high 
regioselectivity of the system can be accounted for using the relatively stable 
carbocation formed from the resulting intermediates during the reaction. 
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Ruthenium carbonyl complexes have been shown to be efficient 
catalysts in many key organic reactions [1-9]. Among them, the Markovnikov 
and anti-Markovnikov additions of hydrogen-containing substrates, HX (X= 
NR2, NH2, RCOO, R3Si), onto terminal alkynes, have been studied [10-16]. 
Addition across a C≡C triple bond is attractive as alkyne functionalities are 
readily available and the products would still contain an unsaturated C=C 
bond that can be further functionalized. Generally, the addition of substrates 
can occur from three sites, leading to the generation of E, Z (anti-
Markovnikov) and geminal (Markovnikov) isomers. 
The addition of amines across alkynes is of particular interest as it 
provides access to a large variety of amines, enamines or imines, without 
formation of by-products. Besides the established stoichiometric 
aminomecuration/reduction method [17], other existing methods suffer from 
problems of low activity, air and moisture sensitivity and environmental 
issues [18-22]. Since the first ruthenium-catalyzed hydroamination process in 
1995 [23], studies have been carried out to find a ruthenium catalytic system 
that is both highly efficient and selective. Uchimaru et. al later attempted the 
catalytic addition of N-methylaniline onto phenylacetylene with a variety of 
ruthenium complexes [24]. In his work, Ru3(CO)12 (85 % yield from 5 mol% 
catalyst loading, 70 0C for 18 h) was found to be the most efficient catalyst 
from a list comprising of [RuCl2(CO)3]2, RuCl2(PPh3)3, [RuCl2(p-cymene)]2, 
[RuCl2(COD)]n and [CpRu(CO)2]2. While efficient and selective (mainly 
germinal products were produced), the need for excess amine (ten-fold) to 
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drive their system suggests further improvements can be made.  In the same 
year, Watasuki reported the use of additives with the Ru3(CO)12 catalyst (0.1 
mol%) to improve the efficiency of the hydroamination system [25]. It was 
found that strong acids HPF6 and HBF4 and their ammonium salts were the 
most effective additives for the addition of anilines to phenylacetylene, giving 
yields of 50 – 78 % within 3 hours at 100 0C (compared to a yield of 1.6 % 
when no additive was added). However, the effect of the additives remains 
ambiguous, as the use of aqueous HCl, NH4Cl, and NH4I did not enhance the 
catalysis significantly.   
  
 
Scheme 4.1 Ru3(CO)12 forms a series of intermediates during the catalysis. 
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Analysis of the spectroscopic data obtained after each catalysis and 
from the stoichiometric reaction of Ru3(CO)12 and the organic substrates, 
suggests that Ru3(CO)12 was not the active catalyst, as it was not regenerated. 
Among the intermediates formed, dimeric ruthenium species were suspected 
to have formed (Scheme 4.1) [26-27], although attempts to isolate any 
intermediates were futile. In order to determine the catalytic activity of 
dimeric ruthenium species towards hydroamination, two model ruthenium 
complexes, Ru2(CO)4L2Br4 (L = CO or PPh3) and Ru2(CO)4(-CX3COO)2L2 
(L = Ru2(CO)4(CX3COO)2 or CO; X = H, F or CH3), were synthesized. In the 
presence of these complexes, the addition of N-methylaniline to 
phenylacetylene proceeds efficiently. Spectroscopic data obtained after 
catalysis showed that the dimeric ruthenium species remained in the system, 
indicating that the ruthenium species were regenerated. From an economic 
viewpoint, it is always desirable to begin a catalysis directly from the catalyst 
rather than its precursor. Through minimal loss of precious catalytic materials, 
a more efficient catalytic system can be devised. Hence, in this chapter, we 
seek to study the hydroamination reaction using the two dimeric ruthenium 
complexes. Using a series of spectroscopic and deuterium studies, a catalytic 
cycle was proposed in an attempt to account for experimental observations. 
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4.2 Experimental Section 
4.2.1 General Procedures 
All reactions and manipulations were carried out under inert 
conditions. Triruthenium Dodecacarbonyl (Aldrich, 99%) was recrystallized 
before use. Phenylacetylene (Aldrich, 98%), N-methylaniline (Aldrich, 98%), 
Glacial acetic acid (Merck, 100%), Trifluoroacetic acid (Aldrich, 99%), 
Trimethylacetic acid (Aldrich, 99%) and 2,6-di-tert-butylpyridine (Aldrich, 
97%) were used without further purification. IR spectra were collected with 
liquid samples in a cell with CaF2 windows and 0.1 mm pathlength, with a 
Shimadzu IR Prestige-21 spectrometer. 1H NMR spectra were recorded using 
Bruker AMX 500 Fourier Transform Spectrometer at room temperature, using 
CDCl3 as solvent. The chemical shifts were referenced to trimethylsilane. 
Organic product yields were calculated from the 1H NMR spectra using tert-
Butylbenzene as internal standard. 
 
4.2.2 Ru2(CO)4L2X4 complexes 
4.2.2.1 Synthesis of Ru2(CO)6Br4 (1) 
See Section 3.2.3. 
 
4.2.2.2 Synthesis of Synthesis of Ru2(CO)4(PPh3)2Br4 (2) 
See Section 3.2.2. 
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4.2.3 Ru2(CO)4(CX3COO)2L2 complexes 
4.2.3.1 Synthesis of [Ru2(CO)4(µ-CH3COO)2]n (3) 
See Section 3.2.4. 
 
4.2.3.2 Synthesis of [Ru2(CO)4(µ-CF3COO)2]n (4) 
Complex 4 was prepared using a method that has been modified from 
literature methods [30]. Ru3(CO)12 (0.2 g, 0.31 mmol) and large excess of 
CF3COOH were dissolved in toluene. The reaction mixture was heated at 80 
0C for 6 hours. An orange solution was obtained. The solvent was removed 
under vacuum and the remaining solids were washed with a small amount of 
water. The solid was recrystallized from a CHCl3-Hexane solvent pair to give 
the orange product (0.09 g, 0.18 mmol). 
 
 
4.2.3.3 Synthesis of [Ru2(CO)4(µ-C(CH3)3COO)2]n (5) 
Complex 5 was synthesized using a similar synthetic method as 4. 
Ru3(CO)12 (0.2 g, 0.31 mmol) and large excess of C(CH3)3COOH were 
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dissolved in toluene. The reaction mixture was heated at 80 0C for 6 hours. A 
yellow (C(CH3)3COO) solution was obtained. The solvent was removed under 
vacuum and the remaining solids were washed with small amount of water. 
The solid was recrystallized from a CHCl3-Hexane solvent pair to give the 
orange product (0.095 g, 0.18 mmol). 
 
 
4.2.3.4 Synthesis of Ru2(CO)4(µ-CF3COO)2(CH3CN)2 (6) 
[Ru2(CO)4(µ-CF3COO)2]n (0.1 g, 0.18 mmol) was dissolved in 
acetonitrile and heated gently to 40 0C. The formation of the yellow solution 
indicated the formation of Ru2(CO)4(µ-CF3COO)2(CH3CN)2. After solvent 
removal, the product was obtained from recrystallization using CHCl3-Hexane 
pair to give the yellow product (0.1 g, 0.17 mmol). The yellow product was of 
sufficient quality to be used for single-crystal X-ray analysis. 
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4.2.3.5 Synthesis of Ru2(CO)4(µ-CF3COO)2(PCy3)2 (7) 
[Ru2(CO)4(µ-CF3COO)2]n (0.1 g, 0.18 mmol) and PCy3 (0.12 g, 0.4 
mmol) was heated to 40 0C for an hour. The solvent was then removed under 
vacuum and to give a yellow residue. The product was obtained from 
recrystallization using CHCl3-Hexane pair to give the yellow product (0.18 g, 
0.16 mmol). The yellow product was of sufficient quality to be used for 
single-crystal X-ray analysis. 
 
 
4.2.4 Typical Procedure for Catalytic Reaction 
The catalytic reactions were attempted both in air and sealed N2 
systems. Results that were obtained in sealed N2 environment are more 
consistent as compared to those carried out in air. Hence in a typical catalytic 
run, phenylacetylene (1 mmol), N-methylaniline (1.2 mmol) and ruthenium 
complex (1 mol% catalytic loading) were placed in a reaction flask. The 
gaseous contents were removed using the freeze-pump-thaw technique. 
Oxygen-free nitrogen gas was introduced before the system was sealed. 
Catalysis was carried out at 80 0C for 5 hours. The product was isolated using 
column chromatography with ethylacetate/Hexane (1:9 v/v) as eluant. The 
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chemical shifts of the organic product were compared to literature values [31]. 





Figure 4.1 1H NMR spectrum of the hydroamination product. 
N
H3C
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Table 4.1 Addition of methylaniline onto phenylacetylene catalyzed by complexes 1 
– 7. [a] 
 
Entry Complex  TON[b] 
1 Ru3(CO)12  65 
2 Ru2(CO)6Br4 (1) 54 
3 Ru2(CO)4(PPh3)2Br4 (2) 71 
4 [Ru2(CO)4(µ-CH3COO)2]n (3) 84 
5 [Ru2(CO)4(µ-CH3COO)2]n (3) 81[c] 
6 [Ru2(CO)4(µ-CF3COO)2]n (4) 82 
7 [Ru2(CO)4(µ-C(CH3)3COO)2]n (5) 75 
8 Ru2(CO)4(µ-CF3COO)2(CH3CN)2 (6) 69 
9 Ru2(CO)4(µ-CF3COO)2(PCy3)2 (7) 15 
 
[a] Reactions were carried out based on phenylacetylene (1 mmol) and N‐methylaniline (1.2 
mmol) with 1 mol% catalytic  loading.  [b] TON based on obtained yield after a 5 h  reaction 
period.  [c]  Reactions  were  carried  out  based  on  phenylacetylene  (1  mmol)  and  N‐
methylaniline (5 mmol) with 1 mol% catalytic loading.  




Table 4.2 IR values of complexes 1 – 7. 
Complex  (CO) / cm-1 medium 
Ru2(CO)6Br4  (1) 2138 (s), 2078 (s) CHCl3 
Ru2(CO)4(PPh3)2Br4  (2) 2070 (s), 2012 (s) CHCl3 
[Ru2(CO)4(µ-CH3COO)2]n  (3) 2056 (ms), 1992 (s), 1963 (vs), 1949 (s), 1915 (vw), 1908 (vw)  KBr 
[Ru2(CO)4(µ-CF3COO)2]n  (4) 2112 (w), 2053 (s), 2021 (w), 2010 (w), 1981 (s), 1957 (w) toluene 
[Ru2(CO)4(µ-C(CH3)3COO)2]n  (5) 2081 (w), 2066 (w), 2043 (s), 2021 (w), 1994 (m), 1963 (s), 1957 (w)  toluene 
Ru2(CO)4(µ-CF3COO)2(CH3CN)2  (6) 2051(vs), 2001(m), 1972(vs). CHCl3 
Ru2(CO)4(µ-CF3COO)2(PCy3)2  (7) 2023(vs), 1976(m), 1951(vs). CHCl3 
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4.3 Results and Discussion 
 The addition of N-methylaniline onto phenylacetylene was catalyzed 
by Ru3(CO)12 with reasonable efficiency (Table 4.1, entry 1). However, from 
the vibration spectra of the reaction mixture (a) after catalysis and (b) from the 
stoichiometric reaction with phenylacetylene (Figure 4.2), it was observed that 
Ru3(CO)12 has been converted to a series of reactive intermediates, including 
dimeric and trimeric ruthenium species [26-27]. Attempts to isolate these 
products for further analysis were unsuccessful. All or some of these 
ruthenium species are catalytically active towards hydroamination, as the 
reaction proceeds when fresh substrates were added to the mixture.  
Dimeric ruthenium complexes have also been synthesized for catalytic 
study towards hydroamination process. Dimeric bromoruthenium carbonyl 
complexes,  Ru2(CO)6Br4 (1) [32] and Ru2(CO)4(PPh3)2Br4 (2) [32], and (2-
acetate)ruthenium carbonyl complexes, [Ru2(CO)4(-CH3COO)2]n (3) [29], 
[Ru2(CO)4(-CF3COO)2]n (4) [30], {Ru2(CO)4[-C(CH3)3COO]2}n (5), 
Ru2(CO)4(-CF3COO)2(CH3CN)2 (6) and Ru2(CO)4(-CF3COO)2(PCy3)2 (7), 
were chosen because of the ease of synthesis starting from Ru3(CO)12 and 
purification (Table 4.2). These complexes are stable towards air and moisture, 
making them convenient and attractive as catalysts for organic syntheses. 
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Figure 4.2 IR spectra obtained (a) after catalysis; (b) from the stoichiometric reaction of 
phenylacetylene with Ru3(CO)12. Lit values of Ru3(CO)9(PhCCH): 2999 (m), 2074 (vs), 2056 
(vs), 2026 (vs), 1994 (m) [26]; Ru2(CO)6(PhCCH): 2081 (ms), 2052 (vs), 2010 (s), 1991 (m), 





















(a) after catalysis 
(b) Ru3(CO)12 + 
PhCCH 





Figure 4.3 ORTEP view of solid-state structures of complex 6. Hydrogen atoms are removed for clarity. Pertinent bond distances (Å): Ru1 – C10, 
1.838(2); Ru1 – C9, 1.845(2); Ru1 – O3, 2.1435(15); Ru1 – O1, 2.1506(16); Ru1 – N1, 2.1941(19); Ru1 – Ru2, 2.6960(2). 





Figure 4.4 ORTEP view of solid-state structures of complex 7. Hydrogen atoms are removed for clarity. Pertinent bond distances (Å): Ru1 – C1, 
1.838(2); Ru1 – C2, 1.841(2); Ru1 – O2, 2.1422(16); Ru1 – O1, 2.1532(15); Ru1 – P1, 2.4623(5); Ru1 – Ru1A, 2.7757(3). 
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The molecular structure of 6 (Figure 4.3) and 7 (Figure 4.4) have been 
determined using X-Ray Crystallography from single crystals grown by slow 
evaporation of solvent from a dichloromethane solution. 6 crystallizes in a 
monoclinic space group P2(1)/c, with unit cell dimensions a = 14.1815(6), b = 
8.7691(4), c = 15.0470(6) Å,  = 101.010. The structure was refined using the 
SHELXTL program, leading to a reasonable agreement factor, R = 0.023. 
Complex 7 crystallizes in an orthorhombic space group Pbcn, with unit cell 
dimensions a = 14.6151(7), b = 23.4645(11), c = 15.2433(7) Å. The structure 
was refined using the SHELXTL program, leading to a reasonable agreement 
factor, R = 0.038. In both complexes, each ruthenium metal attains a near 
octahedral geometry. All parameters, such as bond lengths, bond angles and 
electron density are within reasonable ranges. 
 
 
Scheme 4.2 The addition product of aniline and phenylacetylene can undergo 
isomerization to form imines. 
 
Complexes 1 – 7 have been shown to catalyze the addition of N-
methylaniline to phenylacetylene (Table 4.1). This reaction proceeds 
selectively to produce only the germinal product. N-methylaniline was used 
mainly in our study instead of the more general aniline, since the formation of 
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imines via the addition product of aniline and alkyne can be avoided (Scheme 
4.2). As the ruthenium complexes were readily soluble in the substrates, use 
of solvent to homogenize the reaction mixture can be eliminated. The 
efficiencies of these systems are comparable to that of Ru3(CO)12 system, with 
the exception of complex 7, which suffers from low yields. A low product 
yield was also observed when the reaction was performed in air, presumably 
due to the decomposition of intermediates. Hence, the process was carried out 
in an inert environment for higher efficiency. We have also ruled out trace 
acid catalysis since addition of a hindered base (2,6-di-tert-butylpyridine) to 
the catalytic system did not retard the reaction. 
 
4.3.1 Catalysis by Ru2(CO)4L2X4 complexes 
The addition of N-methylaniline onto phenylacetylene catalyzed by 
complexes 1 and 2 produce similar yields as Ru3(CO)12. The ability of the 
cluster to catalyze the reaction was attributed to the cleavage of the dimer to 
accommodate the organic substrates for subsequent activation process. 
Specifically, when N-methylaniline was reacted with complex 2, the complex 
Ru(CO)2(PPh3)Br2[Ph(CH3)NH] was formed (Figure 4.5). 
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Figure 4.5 IR spectrum of the reaction of 2 with N-methylaniline in CHCl3. (CO) of 
Ru(CO)2(PPh3)Br2(THF) in CHCl3 is at 2060 and 1995 [28]. 
 
In the Ru-catalyzed hydroamination mechanism proposed by 
Uchimaru, the coordinated N-methylaniline on the ruthenium centre will 
undergo N-H bond activation via an oxidative addition route, before the 
coordination of alkyne occurs [24]. In order to facilitate the activation of the 
N-H bond through oxidative addition pathway, the metal centre should be 
electron rich and bears a low oxidation state. As complexes 1 and 2 bear 
Ru(II) centres which are relatively electron-poor, the N-H bond activation 
process would be less favored than when a more electron rich Ru complex 
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product yield (Table 4.1, entry 2). However a better yield has been obtained 
when a carbonyl ligand was substituted with a phosphine ligand (Table 4.1, 
entry 3). Phosphines being stronger -donor ligands than carbonyls, tend to  
increase the electron density of the metal centre in complex 2, hence leading 
to a higher yield. 
 
4.3.2 Catalysis by Ru2(CO)4(CX3COO)2L2 complexes 
  The product yields obtained from oligomeric ruthenium acetate 
complexes 3 – 5 were generally higher than the other complexes (Table 4.1, 
entry 4-8). This result could be due to the more electron-rich Ru(I) centres. 
Oxidative addition of N-methylaniline onto these complexes may have been 
encouraged by the higher electron density located at the metal centre, 
In order to study the electronic effects of the reaction, the substituent 
groups (H, F and CH3) on the acid have been varied. From the vibrational 
spectra of complexes 3 – 5 (Table 4.2), it appears that changing the acid does 
not affect the electronic density of the metal centre by a considerable amount. 
We presume that because the substituent group of the acid is situated three 
bonds away from the metal centre, it is too far to exert any significant effect 
on the metal centre. In order for the electron density on the metal centre to be 
significantly altered, a strong ligand would have to bind directly to the metal 
centre. As such, complexes 6 and 7 were synthesized and the stretching 
frequencies of the carbonyl ligands reflects a significant change in the electron 
Chapter 4 Hydroamination onto Terminal Alkynes 




density of the metal. However, the product yields associated with these 
compounds were less impressive (Table 4.1, entry 8 and 9). 
When the substrates were reacted individually with the oligomeric 
ruthenium complexes 3 - 5, the respective ruthenium complex 8 and 9 were 
formed (Scheme 4.3). Both complexes 8 and 9 can be isolated and were able 
to catalyze the hydroamination process with TON of 80 and 82 respectively. 
These TON are similar to that obtained by using 3, suggesting that 8 and 9 are 
likely intermediates in the reaction. Addition of tricyclohexylphosphine to 8 
and 9 resulted in the displacement of the amine or alkyne ligand, forming 7. It 
was concluded that the addition of ligands will induce competition with the 
substrates for binding sites. This competitiveness appears to be proportional to 
the strength of the ligand as deduced from the TON obtained from the 
catalysis using 6 and 7, with the Ru-CH3CN complex having a higher TON 
than when the stronger PCy3 ligand was present. 
While Ru3(CO)12 catalytic systems require the use of excess N-
methylaniline [24], we observe that the use of excess N-methylaniline did not 
contribute to any significant increase in product yields when dimeric 
ruthenium systems were used (Table 4.1, entry 4 and 5). It was thus presumed 
that role of excess N-methylaniline was to convert the starting Ru3(CO)12 to 
the active catalyst. 
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Scheme 4.3 Binding of substrates to the ruthenium centre. (CO) of 8 and 9 (NEAT): 
2024 (vs), 1974 (m), 1939 (vs) and 2038 (vs), 1991 (m), 1960 (vs) respectively. 
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Scheme 4.4 Deuteration studies using d-phenylacetyelene produce a mixture of 
isotopomeric products. 
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Deuteration studies have provided a wealth of information into the 
hydroamination reaction catalyzed by 3. The use of N-methylaniline/d- 
phenylacetylene substrate pair in catalysis led to a mixture of isotopomeric 
products, A – D (Scheme 4.4). Due to the isotopic shift effect (Figure 4.6) 
[33-34], it is possible to calculate the yield of the individual products from the 
1H NMR spectra (Table 4.3). 
The formation of product A (Table 4.3, entry 2) even when 
phenylacetylene was deuterated suggested that the catalytic hydroamination 
process does not only proceed via the N-H activation route (Scheme 4.5, 
Pathway 1) as proposed by Uchimaru [24]. Relying solely on their proposed 
mechanism does not account for the breaking of the C-D bond. Instead, it is 
highly likely that an alternative pathway exists which involves the initial 
alkyne binding followed by subsequent activation of the C-H bond. (Scheme 
4.5, Pathway 2). While it was suspected that the C-D bond of the alkyne 
undergoes cleavage via the oxidative addition pathway to form a 
(hydrido)ruthenium acetylide species, it was noted that proving their existence 
is a challenging task as such species are often highly reactive, and cannot be 
detected by conventional spectroscopic techniques [35,36]. If the formation of 
the linear acetylide species actually occurs, it will not only account for the 
alkyne C-H bond breakage, but also account for the formation of products C 
and D in equal amount (Table 4.3), as the probability of the N-aniline 
attacking from either side of the linear acetylide is equal.  
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Although the proposed formation of (hydrido)ruthenium acetylide 
species as an active intermediate in the hydroamination reaction may not be 
common [36], it is still one of the most probable pathway that is consistent 
with the experimental results. 
 
Table 4.3 Deuteration studies of complex 3- catalyzed hydroamination process.[a] 
Entry Reaction 
Relative amount (%) 
Yield (%)[b] 
A B C D 
1 
 
100 0 0 0 81 
2 
 
75 3 11 11 70 
3 
 
18 46 18 18 34 
4 
 
1 97 1 1 34 
[a]  Reactions were carried out based on phenylacetylene (1 mmol) and N-
methylaniline (5 mmol) with 1 mol% catalytic loading. [b] Total yield of products 
after 5 h.  
 






Scheme 4.5 The hydroamination process catalyzed by complex 3. 
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 Dimeric ruthenium complexes, Ru2(CO)4L2Br4 (L = CO or PPh3) and 
Ru2(CO)4(-CX3COO)2L2 (L = Ru2(CO)4(CX3COO)2 or CO; X = H, F or 
CH3), were shown to be able to catalyzed the addition of N-methylaniline onto 
alkynes. The obtained yields from bromoruthenium dimers are less impressive 
than those obtained from (acetate)ruthenium dimers. The electron density on 
associated with the metal centre was believed to be responsible for the 
difference in efficiency. The molecular structures of Ru2(CO)4(-
CF3COO)2(CH3CN)2 and Ru2(CO)4(-CF3COO)2(PCy3)2 were obtained and 
characterized using X-ray crystallography techniques. These complex did not 
catalyze the hydroamination reaction efficiently due to competition with the 
substrates for binding sites. Deuteration studies suggest that the reaction does 
not only proceed via the amine activation pathway, and hint at the formation 
of highly reactive (hydrio)ruthenium acetylide intermediates. 
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CHAPTER 5  
Catalytic Hydrogen Generation from Hydrolysis of 
Silanes by Ruthenium Complexes 
  




Hydrogen gas has been extensively produced and used in many 
applications. On an industrial scale, steam reforming which involves the 
reaction of hydrocarbons with steam to form hydrogen gas, can be carried out 
at high temperatures [1-5]. Hydrogen is employed in the formation of 
ammonia [6] and methanol [7-8], and is also essential in many chemical 
syntheses [9-16]. In fact hydrogen has even gained much attention especially 
as an alternative energy source to replace fossil fuels [17-18]. One of the 
energy-related areas being explored extensively is the development of lighter 
and smaller alternatives for hydrogen storage such as metal hydrides as a 
replacement for the currently used large and heavy gas cylinders [19-21]. 
 
 
Scheme 5.1 Hydrolysis of silanes gives hydrogen and silanol. 
 
Due to widespread application of hydrogen gas, it is thus of much 
interest to conduct fundamental studies on the various methods of producing 
hydrogen with the purpose of improving the efficiency. As the Si-H bond is 
relatively weak, silanes are good candidates as a hydrogen source. It has been 
demonstrated that hydrogen formed via silane hydrolysis [22] can be used in 
hydrogenation reactions catalyzed by palladium (II) [23] or iridium (I) [24] 




Chapter 5 Catalytic Hydrogen Generation from Hydrolysis of Silanes by Ruthenium Complexes 
129 
 
and, to a lesser extent, silane hydrolysis (Scheme 5.1) has been extensively 
reported, few quantitative studies have been carried out on hydrogen 
production  especially from silane hydrolysis [25-32]. Recent reports have 
shown that use of cationic oxorhenium (V) complexes as catalyst can produce 
hydrogen gas from silane hydrolysis with reasonable turnover number (TON) 
[22,33]. In addition, due to the ability to generate hydrogen gas, silanes have 
been considered for development in fuel cell technology [34].  
As such, we wish to report that dinuclear ruthenium complexes, 
Ru2(CO)4L2X4 (L = PPh3 or CO; X = Cl or Br) are able to catalyze the 
production of hydrogen upon silane hydrolysis very efficiently at room 
temperature. A turnover number (TON) in excess of 104 can be achieved with 
some of these ruthenium systems even upon exposure to air. A mechanism has 
also been proposed to account for the hydrolysis of silanes based on the 
experimental data obtained.  
 
  
Chapter 5 Catalytic Hydrogen Generation from Hydrolysis of Silanes by Ruthenium Complexes 
130 
 
5.2 Experimental Section 
5.2.1 General Procedures 
Triruthenium Dodecacarbonyl, Ru3(CO)12 (Aldrich, 99%), was recrystallized 
from cyclohexane before use. Triethylsilane, diphenylsilane, triphenylsilane, 
triphenylphosphine were obtained from Aldrich and used without further 
purification. IR spectra were collected with liquid samples in a cell with CaF2 
windows and 0.1 mm pathlength, with a Shimadzu IR Prestige-21 
spectrometer. NMR spectra were recorded with a Bruker AMX 500 Fourier 
Transform Spectrometer at room temperature, using CDCl3 as solvent and the 
chemical shifts were referenced to tetramethylsilane. Hydrogen gas was 
detected using a Balzer Prisma QMS 200 residual mass analyzer and 
calibrated to known concentrations of pure hydrogen gas. The organic product 
yields were calculated from the 1H NMR spectra using reagent grade toluene 
as internal standard. Mass spectra of the organic products are recorded with a 
Finnigan Mat 95XL-T spectrometer. 
 
Complexes Ru2(CO)4(PPh3)2Br2 (1) and Ru2(CO)6Br2 (2) were 
prepared according to literature methods and characterized by FTIR 
spectroscopy [35-37]. The complex Ru2(CO)6Cl4 (3) was obtained from Strem 
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5.2.2 Typical Procedure for Catalytic Reaction 
Silane (2 mmol, 1 equiv) was added into a THF (1mL) solution containing the 
catalyst (1 µmol) and excess H2O (20 mmol). The reaction mixture was stirred 
and evolution of gas was observed. Hydrogen gas was detected by sampling 
the headspace above the catalytic mixture throughout the reaction. A 
calibration curve using known amount of pure hydrogen gas was used for the 
yield measurement. 
 
5.3 Results and Discussion 
Halo-ruthenium carbonyl complexes [35], Ru2(CO)4(PPh3)2Br4 (1), 
Ru2(CO)6Br4 (2) and Ru2(CO)6Cl4 (3), have been found to activate Si-H bond 
towards the hydrolysis of silanes. Syntheses of these ruthenium complexes (1) 
and (2) are straightforward and their purification can be achieved easily. 
Complex (3) is commercially available. The three complexes are stable 
towards air and moisture at least for several weeks as indicated by their 
infrared spectra (Table 5.1).  
When complex 1 was first added to a wet THF solution containing 
triethylsilane, strong effervescence was immediately observed (Table 5.2). 
The gaseous content of the reaction vessel was analyzed using a mass 
spectrometer which revealed an intense signal at m/z = 2, corresponding to the 
production of H2 gas. A carefully-repeated experiment using dried THF as 
solvent did not result in H2 evolution. Another setup carried out with 
additional H2O produced significantly more H2. These observations point 
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towards water being one of the substrates. To verify the observations further, 
the silane was allowed to react with D2O and indeed an intense signal at m/z = 
3 (HD) was observed. The signal at m/z = 2 remained low and no signal was 
seen at m/z =4 (D2). The H2 gas could not be generated if either silane or the 
ruthenium catalyst is removed from the reaction mixture. The data strongly 
indicated that the hydrogen gas was formed from silane and water, from 
which one H atom was supplied, which is similar to the work reported for the 
oxorhenium complexes [33].  
 
 
Table 5.1 IR values of complexes 1-3 in chloroform. 
Complex (CO) / cm-1 Lit values16 / cm-1 
Ru2(CO)4(PPh3)2Br4 (1) 2070 (s), 2012 (s) 2069 (s), 2011 (s) 
Ru2(CO)6Br4 (2) 2138 (s), 2078 (s) 2136 (s), 2075 (s), 2013 (w) 
Ru2(CO)6Cl4 (3) 2142 (s), 2083 (s) 2141 (s), 2079 (s), 2006 (w) 
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Table 5.2. Product details for the hydrolysis of triethylsilane catalyzed by some ruthenium complexes [a]. 
No. Silane Solvent Complex Time (min) H2 yield (%) [b] Et3SiOH yield (%) [c] 
1 Et3SiH THF - 60 0 0 
2 Et3SiH THF 1 5 23 - 
3 Et3SiH THF 1 30 58 - 
4 Et3SiH THF 1 60 71 60 
5 Et3SiH CHCl3 1 5 1.2 0d 
6 Et3SiH THF 2 5 83 75 
7 Et3SiH THF 3 5 100 94 
8 Et3SiH THF Ru3(CO)12 60 0 0 
9 Et3SiH THF Ru(CO)2(PPh3)2Br2 60 0 0 
 
[a] Catalytic runs involve 2 mmol of silane, 20 mmol of H2O with 0.05% catalytic loading at 25 0C. [b] Total H2 yields were derived 
from calibration curve obtained from known amount of H2. [c] 1H NMR yield calculated with respect to silane, using toluene as internal 
standard. [d] Organic product obtained after 60 mins is siloxane (yield = 14 %).  
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Several cycles of adding fresh portions of silane or water into the 
mixture containing complex 1 (of 0.05%mol loading) could be accomplished 
with slight gradual loss of catalytic efficiency, leading to the TON and TOF of 
about 103 and 16 min-1 determined over a period of one hour (see entries 2-4, 
Table 2). In fact, the catalytic rate involving either complex 2 or 3 was found 
to be even higher than complex 1, with TON and TOF of 104 and 40 min-1 
respectively (entries 6 and 7, Table 2). However when two other ruthenium 
complexes were used, no hydrogen was produced (entries 8 and 9 ,Table 2) 
The H2 gas produced using complexes 1-3 can easily be controlled by 
slowly titrating silane onto the catalytic system. Once silane has been used up, 
H2 gas evolution ceases immediately. The hydrolysis is equally efficient when 
carried out in air or under vacuum conditions. H2 gas evolution is faster if a 
polar solvent such as THF is used to ensure good miscibility with water. Upon 
removal of the catalyst and slow evaporation of solvent after reaction, a 
colorless liquid was obtained and analyzed by NMR and mass spectrometry to 
be triethylsilanol. On the other hand, the corresponding siloxanes, which 
result from the reaction of silanol with silanes, were found to be dominant in 
non-polar solvents such as chloroform (Table 2, entry 5).  
The hydrolysis of different silanes, catalyzed by complex 1 has also 
been carried out with the yields of hydrogen gas summarized in Table 3. 
Generally, an increase in rate was observed when the steric bulk on the silane 
molecule was decreased. However addition of free phosphines such as PPh3 
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Table 5.3. Product details for the hydrolysis of silanes catalyzed by complex 1[a]. 
No. Silane H2 yield (%) [b] 
1 Et3SiH 100 
2 Ph3SiH 21 
3 PhMe2SiH 97 
4 Ph2SiH2 96 
5  Me2(Cl)SiH 99 
6 Et3SiH / PPh3 0 
 
[a] Catalytic runs involve 2 mmol of silane, 20 mmol of H2O with 0.05% catalytic 
loading at 25 0C for 60 mins. [b] Total H2 yields were derived from calibration curve 
obtained from known amount of H2. 
  




Figure 5.1 1H NMR spectrum obtained after the reaction of complex 1-catalyzed 
hydrolysis of triethylsilane. Signals due to strongly-shielded protons suggest that 
metal hydrides species are formed during the reaction. An exact spectrum was 
observed when phenyl(dimethyl)silane was used instead, which suggests that the 
complex does not contain any silyl ligand. 
 
 
into the mixture prevented the generation of H2. An FTIR scan of the mixture 
containing PPh3 reveals the formation of a bisphosphine dibromoruthenium 
complex Ru(CO)2(PPh3)2Br2 (2056 cm-1 and 1990 cm-1) [36]. 
In order to understand the silane hydrolysis mechanism, 1H NMR 
analysis of the reaction mixture of complex 1 in a sealed tube during the early 
stage of catalysis was carried out. Interestingly, results revealed two sets of 
doublet signals (ca. -5.7 ppm and -11.7 ppm) in the strongly shielded region 
Chapter 5 Catalytic Hydrogen Generation from Hydrolysis of Silanes by Ruthenium Complexes 
137 
 
usually assigned to metal hydrides (Figure 5.1). The splitting of J = 20 Hz for 
both sets is consistent with the hydride coupling with an adjacent phosphine 
ligand. The data suggest that at least two metal hydride species containing the 
Ru(H)PPh3 moiety are present in the catalytic mixture. The hydride signals 
persisted even when different silanes were used or in the absence of water in 
the mixture, indicating that the origin of the hydride is the silane and that the 
two ruthenium hydride species most likely do not contain silyl groups. This 
observation is consistent with previous results that reported the occurrence of 
the halide/ Si-H exchange [38-41]. Unfortunately, the FTIR signals of these 
intermediates could not be recorded presumably because of their low 
concentrations or overlap with much more intense precursor signals, hence 
preventing further characterization.  
When the mixture was analyzed at the completion of catalysis, a triplet 
signal at -4.96 ppm was detected in the NMR spectrum instead (Figure 5.2b). 
Both sets of doublet signals of the hydride mentioned earlier have 
disappeared. The splitting pattern (J = 19.2 Hz) is consistent with the hydride 
coupling with two neighboring phosphine ligands.   
Using FTIR spectroscopy, we have managed to obtain two sets of 
carbonyl stretching vibrations at (A) 2030, 1961 cm-1 and (B) 2060, 1995 cm-1 
(Figure 5.2a).  A literature search on ruthenium carbonyl complexes suggests 
that peaks (A) are likely due to the Ru(CO)2(PPh3)2(H)Br complex [42-43]. 
The triplet hydride signals obtained in the NMR spectrum can also be 
assigned to this complex. To further confirm the assignment of the complex, 
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bromoform (CHBr3) was added to the reaction mixture to allow a Br/H 
exchange with Ru(CO)2(PPh3)2(H)Br. Indeed, the dibromoruthenium complex 
Ru(CO)2(PPh3)2Br2 was formed in high yields. Peaks (B) have been assigned 
to the Ru(CO)2(PPh3)(THF)Br2 complex. These peaks can be reproduced 
easily if complex 1 is allowed to react with THF as a substrate in CHCl3 
solvent under room temperature conditions. Furthermore we have found that 
upon addition of PPh3, the THF ligand can be displaced and also leads to the 
formation of the bisphosphine ruthenium complex, Ru(CO)2(PPh3)2Br2 . 
We propose a mechanism that could account for the general features of 
the experimental data using complex 1 as the catalytic precursor. The reaction 
pathways are illustrated in Scheme 5.2. The first step involves dissociation of 
the dinuclear complex 1 into the 16-electron monomer Ru(CO)2(PPh3)Br2 
which is immediately stabilized by THF to form Ru(CO)2(PPh3)(THF)Br2. 
This [Ru]-THF complex is an important catalytic intermediate which can be 
deactivated upon PPh3 substitution to afford Ru(CO)2(PPh3)2Br2 (Table 3, 
entry 6). The silane then binds weakly to the ruthenium centre, most likely 
with the SiH bond approaching in a -mode in order to reduce steric 
hindrance caused by overcrowding of ligands [45-48]. The subsequent step 
involves either the formation of a (i) [Ru]-H intermediate with elimination of 
silyl bromide (R3SiBr), or (ii) [Ru]-SiR3 intermediate with elimination of HBr 
[38-41,48]. From the NMR data, it appears that at least two ruthenium hydride 
species have been detected rendering pathway (i) to be highly possible. The 
reactive 16-electron [Ru]-H monomer forms Ru(CO)2(PPh3)(H2O)(H)Br upon
  





Figure 5.2  (a) FTIR spectrum obtained from the reaction of complex 1-catalyzed hydrolysis of triethylsilane in thf solvent. Formation of 











(b) 1H NMR spectrum of the reaction mixture obtained after catalysis showed a triplet, which is assigned to the complex 
Ru(CO)2(PPh3)2(H)Br (A). 
(A) Ru(CO)2(PPh3)2(H)Br                  (B) Ru(CO)2(PPh3)(THF)Br2 






Scheme 5.2 Proposed mechanism for the hydrolysis of silane using complex 1 as the catalytic precursor. 
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water coordination. Alternatively the monomer undergoes dimerization to 
generate a dinuclear hydride species Ru2(CO)4(PPh3)2(H)2Br2, analogous to 
complex 1. Both of these ruthenium hydride species may have been the 
carriers of the hydride signals in the NMR spectrum (Figure 5.1). In fact the 
Ru(CO)2(PPh3)2(H)Br complex observed at the end of catalysis is probably 
formed from one or both of these [Ru]-H intermediates. In the next step, 
hydrogen gas is produced upon O-H bond reaction with the hydride, leaving a 
hydroxide ligand on the ruthenium center. Thus the H2 gas is comprised of 
one H atom from silane and one from water. Finally, the silyl bromide 
eliminated in an earlier step returns to coordinate to the ruthenium center and 
produces silanol via a strong Si-O coupling. The bromide ligand is restored on 




Scheme 5.3 An alternate pathway involving charge separation can also be considered 
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Although the proposed mechanism is able to explain much of our 
experimental data, it is by no means the only possible pathway. Yang et. al. 
proposed a pathway whereby a [Et2OMe3Si]+ ion is formed upon reaction of 
the ether with a 1--trimethylsilane-coordinated iridium cationic complex 
[47]. By adopting their reaction as shown in Scheme 5.3, hydrogen can be 
generated in our system if charge separation occurs. However this process is 
certainly endothermic and may not account for the efficiency of this 
ruthenium-based catalysis. It is therefore difficult at this stage to be certain 








Dinuclear ruthenium complexes 1–3 have been used for catalytic silane 
hydrolysis producing copious amount of H2 gas. TON in excess of 104 can be 
achieved with some of the ruthenium systems used. The detection of 
ruthenium intermediates in the NMR and FTIR spectra has led to a proposed 
mechanism for the silane hydrolysis. The high catalytic efficiency and the 
ability of the system to control hydrogen production may lead to potential 
applications. 
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Figure A1 1H NMR of the addition of PhCOOH onto phenylacetylene catalyzed by 













Figure A2 1H NMR of the addition of MeCOOH onto phenylacetylene catalyzed by 














Figure A3 1H NMR of the addition of tBuCOOH onto phenylacetylene catalyzed by 















Figure A4 1H NMR of the addition of PhCOOH onto 1-Heptyne catalyzed by 








Figure A5 1H NMR of the addition of MeCOOH onto 1-Heptyne catalyzed by 








Figure A6 1H NMR of the addition of PhCOOH onto phenylacetylene catalyzed by 














Figure A7 1H NMR of the addition of MeCOOH onto phenylacetylene catalyzed by 













Figure A8 1H NMR of the addition of tBuCOOH onto phenylacetylene catalyzed by 













































Figure A13 ORTEP of Ru2(CO)4(PPh3)2Br4, isomer A and B respectively. 
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Table A1.  Crystal data and structure refinement for Ru2(CO)4(PPh3)2Br4. 
 
Identification code  a472 
Empirical formula  C42 H34 Br4 Cl4 O4 P2 Ru2 
Formula weight  1328.21 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 9.8800(11) Å = 90°. 
 b = 16.1133(17) Å = 100.091(2)°. 
 c = 14.4549(15) Å  = 90°. 
Volume 2265.6(4) Å3 
Z 2 
Density (calculated) 1.947 Mg/m3 
Absorption coefficient 4.541 mm-1 
F(000) 1288 
Crystal size 0.20 x 0.14 x 0.08 mm3 
Theta range for data collection 1.91 to 27.50°. 
Index ranges -12<=h<=12, -20<=k<=20, -10<=l<=18 
Reflections collected 15596 
Independent reflections 5175 [R(int) = 0.0366] 
Completeness to theta = 27.50° 99.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7127 and 0.4636 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5175 / 22 / 297 
Goodness-of-fit on F2 1.382 
Final R indices [I>2sigma(I)] R1 = 0.0629, wR2 = 0.1165 
R indices (all data) R1 = 0.0657, wR2 = 0.1174 
Largest diff. peak and hole 0.994 and -1.109 e.Å-3 
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Table A2. Atomic coordinates (x 104) and equivalent isotropic displacement 
parameters (Å2x103) for Ru2(CO)4(PPh3)2Br4. U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
O(2K) 1330(50) 5060(40) 4110(50) 25 
C(2K) 2220(60) 4810(50) 4580(60) 20 
Br(2K) 2546(13) 4274(7) 6660(10) 20 
Br(2) 1886(1) 4867(1) 4048(1) 18(1) 
C(2) 2523(7) 4258(5) 6227(6) 18(2) 
O(2) 1941(7) 4300(4) 6833(4) 25(1) 
Ru(1) 3668(1) 4220(1) 5324(1) 11(1) 
P(1) 2844(2) 2894(1) 4882(1) 13(1) 
Br(1) 5423(1) 4295(1) 4192(1) 15(1) 
C(1) 5131(7) 3817(4) 6259(5) 19(1) 
O(1) 5938(5) 3617(3) 6805(4) 27(1) 
C(1X) 3247(7) 2167(4) 5852(5) 18(1) 
C(2X) 4614(8) 1899(4) 6156(6) 29(2) 
C(3X) 4935(9) 1372(5) 6915(6) 37(2) 
C(4X) 3938(9) 1128(5) 7389(6) 35(2) 
C(5X) 2585(9) 1370(5) 7117(5) 33(2) 
C(6X) 2265(8) 1892(4) 6348(5) 24(2) 
C(1Y) 3511(6) 2442(4) 3895(4) 14(1) 
C(2Y) 4054(8) 1638(4) 3912(6) 26(2) 
C(3Y) 4475(8) 1315(5) 3126(6) 28(2) 
C(4Y) 4336(7) 1781(4) 2311(5) 24(2) 
C(5Y) 3810(7) 2575(4) 2287(5) 22(1) 
C(6Y) 3393(7) 2907(4) 3077(5) 21(1) 
C(1Z) 988(6) 2760(4) 4528(4) 14(1) 
C(2Z) 52(7) 3269(4) 4863(5) 18(1) 
C(3Z) -1360(7) 3088(4) 4683(5) 19(1) 
C(4Z) -1825(7) 2402(5) 4158(5) 25(2) 
C(5Z) -897(7) 1894(5) 3812(5) 27(2) 
C(6Z) 512(6) 2066(4) 3997(4) 21(1) 
C(1S) 6194(6) 5220(4) 9577(4) 65(6) 
Cl(1) 7869(8) 5255(5) 10190(5) 85(3) 
Cl(2) 6151(7) 5212(2) 8370(3) 48(2) 
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C(2S) 6994(18) 5070(20) 8563(18) 95(16) 
Cl(1A) 7898(12) 5423(8) 9614(15) 102(5) 




 Table A3  Bond lengths [Å] and angles [°] for  A472. 
_____________________________________________________  
O(2K)-C(2K)  1.084(15) 
C(2K)-Ru(1)  1.890(10) 
Br(2K)-Ru(1)  2.391(15) 
Br(2)-Ru(1)  2.5397(9) 
C(2)-O(2)  1.131(8) 
C(2)-Ru(1)  1.872(6) 
Ru(1)-C(1)  1.911(7) 
Ru(1)-P(1)  2.3353(17) 
Ru(1)-Br(1)  2.5870(8) 
Ru(1)-Br(1)#1  2.6090(8) 
P(1)-C(1X)  1.816(7) 
P(1)-C(1Y)  1.824(6) 
P(1)-C(1Z)  1.828(6) 
Br(1)-Ru(1)#1  2.6090(8) 
C(1)-O(1)  1.069(8) 
C(1X)-C(6X)  1.377(10) 
C(1X)-C(2X)  1.413(10) 
C(2X)-C(3X)  1.379(10) 
C(3X)-C(4X)  1.353(13) 
C(4X)-C(5X)  1.382(12) 
C(5X)-C(6X)  1.387(10) 
C(1Y)-C(6Y)  1.388(9) 
C(1Y)-C(2Y)  1.400(9) 
C(2Y)-C(3Y)  1.378(10) 
C(3Y)-C(4Y)  1.384(11) 
C(4Y)-C(5Y)  1.378(10) 
C(5Y)-C(6Y)  1.387(9) 
C(1Z)-C(2Z)  1.386(9) 
C(1Z)-C(6Z)  1.390(8) 
C(2Z)-C(3Z)  1.404(9) 
C(3Z)-C(4Z)  1.373(10) 
C(4Z)-C(5Z)  1.386(10) 
C(5Z)-C(6Z)  1.399(9) 
C(1S)-Cl(1)  1.736(9) 
C(1S)-Cl(2)  1.738(7) 
C(2S)-Cl(1A)  1.720(19) 
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Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z+1       
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Table A4. Anisotropic displacement parameters (Å2x103) for Ru2(CO)4(PPh3)2Br4. The 
anisotropic displacement factor exponent takes the form:  -2　2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Br(2) 17(1)  15(1) 21(1)  2(1) 1(1)  1(1) 
C(2) 20(4)  23(4) 8(3)  -2(3) 0(3)  -6(3) 
O(2) 25(3)  37(3) 18(3)  -8(2) 14(2)  -4(3) 
Ru(1) 11(1)  11(1) 12(1)  0(1) 3(1)  0(1) 
P(1) 12(1)  13(1) 14(1)  0(1) 2(1)  0(1) 
Br(1) 15(1)  13(1) 17(1)  -3(1) 7(1)  -1(1) 
C(1) 31(4)  12(3) 16(3)  4(2) 10(3)  -4(3) 
O(1) 21(3)  22(3) 38(3)  -3(2) 5(2)  -7(2) 
C(1X) 22(3)  12(3) 17(3)  -1(2) -3(3)  -1(2) 
C(2X) 25(4)  21(4) 37(4)  7(3) -9(3)  -5(3) 
C(3X) 37(5)  24(4) 43(5)  13(4) -14(4)  -1(3) 
C(4X) 54(5)  18(4) 26(4)  6(3) -12(4)  -4(3) 
C(5X) 49(5)  30(4) 20(4)  7(3) 8(3)  -2(4) 
C(6X) 36(4)  19(3) 19(3)  1(3) 9(3)  -2(3) 
C(1Y) 9(3)  17(3) 16(3)  -2(2) 3(2)  -3(2) 
C(2Y) 28(4)  18(3) 34(4)  2(3) 14(3)  2(3) 
C(3Y) 32(4)  19(3) 36(4)  -5(3) 15(3)  0(3) 
C(4Y) 20(3)  27(4) 26(4)  -13(3) 10(3)  -2(3) 
C(5Y) 20(3)  28(4) 17(3)  -5(3) 1(3)  -6(3) 
C(6Y) 23(3)  19(3) 18(3)  -2(3) -1(3)  -3(3) 
C(1Z) 16(3)  15(3) 11(3)  3(2) 5(2)  -2(2) 
C(2Z) 15(3)  19(3) 17(3)  1(3) -2(2)  2(2) 
C(3Z) 13(3)  28(4) 17(3)  2(3) 7(2)  -2(3) 
C(4Z) 16(3)  30(4) 27(4)  5(3) 2(3)  -4(3) 
C(5Z) 19(3)  36(4) 25(4)  -9(3) 1(3)  -10(3) 
C(6Z) 17(3)  21(3) 22(3)  -5(3) 2(3)  -1(3) 
C(1S) 108(16)  60(11) 34(9)  -17(8) 32(10)  -33(11) 
Cl(1) 92(5)  103(5) 51(3)  -8(3) -14(3)  62(4) 
Cl(2) 74(5)  31(2) 34(2)  2(2) 2(2)  -1(2) 
C(2S) 35(16)  90(30) 160(40)  80(30) 40(20)  41(18) 
Cl(1A) 59(6)  79(7) 169(15)  -55(9) 28(8)  -9(5) 




Table A5. Hydrogen coordinates (x104) and isotropic displacement parameters (Å2x 
10 3) for Ru2(CO)4(PPh3)2Br4. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(2X) 5319 2083 5835 35 
H(3X) 5851 1181 7103 45 
H(4X) 4175 780 7924 42 
H(5X) 1893 1183 7449 40 
H(6X) 1339 2065 6156 29 
H(2Y) 4132 1314 4467 31 
H(3Y) 4861 774 3144 34 
H(4Y) 4603 1553 1765 28 
H(5Y) 3734 2895 1728 26 
H(6Y) 3027 3453 3057 25 
H(2Z) 371 3748 5220 21 
H(3Z) -1990 3438 4923 23 
H(4Z) -2779 2277 4032 30 
H(5Z) -1222 1422 3445 32 
H(6Z) 1140 1712 3760 25 
H(1S1) 5681 5708 9746 78 
H(1S2) 5734 4715 9760 78 
H(2S1) 7168 4465 8508 114 











Table A6  Crystal data and structure refinement for Ru2(CO)4(CF3COO)2(PCy3)2. 
 
Identification code  8436a 
Empirical formula  C24 H37 F3 O4.50 P Ru 
Formula weight  586.58 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pbcn 
Unit cell dimensions a = 14.6151(7) Å = 90°. 
 b = 23.4645(11) Å = 90°. 
 c = 15.2433(7) Å  = 90°. 
Volume 5227.5(4) Å3 
Z 8 
Density (calculated) 1.491 Mg/m3 
Absorption coefficient 0.712 mm-1 
F(000) 2424 
Crystal size 0.36 x 0.34 x 0.20 mm3 
Theta range for data collection 1.64 to 27.50°. 
Index ranges -16<=h<=18, -29<=k<=30, -19<=l<=16 
Reflections collected 35448 
Independent reflections 6006 [R(int) = 0.0339] 
Completeness to theta = 27.50° 100.0 %  
Absorption correction Empirical 
Max. and min. transmission 0.8708 and 0.7837 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6006 / 35 / 307 
Goodness-of-fit on F2 1.065 
Final R indices [I>2sigma(I)] R1 = 0.0330, wR2 = 0.0819 
R indices (all data) R1 = 0.0378, wR2 = 0.0845 
Largest diff. peak and hole 0.608 and -0.254 e.Å-3 
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Table A7 Atomic coordinates (x 104) and equivalent isotropic displacement 
parameters (Å2x103) for Ru2(CO)4(CF3COO)2(PCy3)2. U(eq) is defined as one third 
of the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Ru(1) 5297(1) 6920(1) 6635(1) 26(1) 
P(1) 5870(1) 6757(1) 5137(1) 29(1) 
F(1) 7266(1) 5388(1) 7441(1) 68(1) 
F(2) 6139(1) 5083(1) 8170(1) 71(1) 
F(3) 7151(2) 5587(1) 8791(1) 77(1) 
O(1) 6166(1) 6240(1) 7089(1) 37(1) 
O(3) 3887(1) 7768(1) 6097(1) 54(1) 
O(4) 6625(1) 7855(1) 7006(1) 56(1) 
C(1) 4443(2) 7453(1) 6303(1) 34(1) 
C(2) 6120(2) 7495(1) 6863(2) 35(1) 
C(3) 6121(2) 6060(1) 7853(1) 30(1) 
C(4) 6682(2) 5525(1) 8060(2) 37(1) 
C(5) 6240(2) 7411(1) 4527(1) 38(1) 
C(6) 6247(2) 7348(1) 3523(2) 50(1) 
C(7) 6657(2) 7880(1) 3078(2) 62(1) 
C(8) 6168(2) 8415(1) 3346(2) 55(1) 
C(9) 6163(2) 8479(1) 4331(2) 51(1) 
C(10) 5742(2) 7960(1) 4781(2) 45(1) 
C(11) 6899(1) 6296(1) 5166(1) 31(1) 
C(12) 7685(2) 6563(1) 5694(2) 37(1) 
C(13) 8448(2) 6130(1) 5849(2) 45(1) 
C(14) 8799(2) 5874(1) 4998(2) 47(1) 
C(15) 8016(2) 5631(1) 4459(2) 49(1) 
C(16) 7275(2) 6075(1) 4290(2) 39(1) 
C(17) 5065(2) 6389(1) 4387(1) 35(1) 
C(18) 4143(2) 6706(1) 4352(2) 47(1) 
C(19) 3502(2) 6429(1) 3689(2) 63(1) 
C(20) 3356(2) 5806(1) 3883(2) 58(1) 
C(21) 4261(2) 5489(1) 3930(2) 48(1) 
C(22) 4910(2) 5758(1) 4600(2) 37(1) 
O(1S) 5110(20) 9056(5) 7390(20) 221(5) 
C(1S) 4422(11) 9176(5) 7991(12) 142(2) 
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C(2S) 4551(11) 9794(5) 7973(11) 142(2) 
C(3S) 5097(13) 10018(5) 7258(11) 142(2) 
C(4S) 5542(12) 9514(5) 6950(12) 142(2) 




 Table A8  Bond lengths [Å] and angles [°] for  Ru2(CO)4(CF3COO)2(PCy3)2. 
_____________________________________________________  
Ru(1)-C(1)  1.838(2) 
Ru(1)-C(2)  1.841(2) 
Ru(1)-O(2)#1  2.1422(16) 
Ru(1)-O(1)  2.1532(15) 
Ru(1)-P(1)  2.4623(5) 
Ru(1)-Ru(1)#1  2.7757(3) 
P(1)-C(11)  1.853(2) 
P(1)-C(17)  1.854(2) 
P(1)-C(5)  1.874(2) 
F(1)-C(4)  1.312(3) 
F(2)-C(4)  1.316(3) 
F(3)-C(4)  1.316(3) 
O(1)-C(3)  1.240(3) 
O(3)-C(1)  1.143(3) 
O(4)-C(2)  1.142(3) 
C(3)-O(2)  1.241(3) 
C(3)-C(4)  1.532(3) 
C(5)-C(10)  1.531(3) 
C(5)-C(6)  1.537(3) 
C(6)-C(7)  1.541(4) 
C(7)-C(8)  1.501(4) 
C(8)-C(9)  1.510(4) 
C(9)-C(10)  1.526(3) 
C(11)-C(16)  1.535(3) 
C(11)-C(12)  1.536(3) 
C(12)-C(13)  1.527(3) 
C(13)-C(14)  1.519(4) 
C(14)-C(15)  1.520(4) 
C(15)-C(16)  1.525(4) 
C(17)-C(22)  1.532(3) 
C(17)-C(18)  1.540(3) 
C(18)-C(19)  1.523(4) 
C(19)-C(20)  1.507(4) 
C(20)-C(21)  1.519(4) 
C(21)-C(22)  1.530(3) 
O(1S)-C(1S)  1.388(10) 
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O(1S)-C(4S)  1.415(9) 
C(1S)-C(2S)  1.462(9) 
C(2S)-C(3S)  1.449(9) 
C(3S)-C(4S)  1.430(9) 




































































Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,y,-z+3/2       
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Table A9 Anisotropic displacement parameters (Å2x103) for 
Ru2(CO)4(CF3COO)2(PCy3)2. The anisotropic displacement factor exponent takes the 
form: -22[ h2 a*2U11 + ... + 2 h k a* b* U12 ] 
 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Ru(1) 29(1)  30(1) 20(1)  2(1) 4(1)  1(1) 
P(1) 32(1)  35(1) 20(1)  1(1) 3(1)  1(1) 
F(1) 77(1)  62(1) 64(1)  16(1) 30(1)  36(1) 
F(2) 67(1)  39(1) 106(2)  17(1) 15(1)  -2(1) 
F(3) 95(1)  72(1) 65(1)  -9(1) -38(1)  34(1) 
O(1) 44(1)  42(1) 26(1)  6(1) 8(1)  12(1) 
O(3) 53(1)  63(1) 47(1)  13(1) 6(1)  24(1) 
O(4) 57(1)  63(1) 49(1)  0(1) 3(1)  -25(1) 
C(1) 37(1)  39(1) 27(1)  5(1) 5(1)  4(1) 
C(2) 36(1)  41(1) 28(1)  3(1) 5(1)  -5(1) 
C(3) 31(1)  32(1) 27(1)  1(1) 1(1)  -1(1) 
C(4) 43(1)  37(1) 32(1)  4(1) 3(1)  4(1) 
C(5) 45(1)  42(1) 26(1)  9(1) 6(1)  0(1) 
C(6) 71(2)  51(2) 26(1)  8(1) 13(1)  7(1) 
C(7) 76(2)  70(2) 39(2)  23(1) 21(1)  10(2) 
C(8) 64(2)  58(2) 44(2)  22(1) 5(1)  -2(1) 
C(9) 64(2)  41(1) 47(2)  13(1) 4(1)  -4(1) 
C(10) 58(2)  42(1) 34(1)  6(1) 9(1)  -1(1) 
C(11) 31(1)  35(1) 28(1)  -1(1) 5(1)  0(1) 
C(12) 34(1)  46(1) 29(1)  -4(1) 2(1)  1(1) 
C(13) 34(1)  57(2) 45(1)  5(1) -1(1)  2(1) 
C(14) 37(1)  50(1) 54(2)  -1(1) 6(1)  7(1) 
C(15) 44(2)  47(1) 57(2)  -14(1) 9(1)  3(1) 
C(16) 37(1)  48(1) 33(1)  -10(1) 6(1)  -2(1) 
C(17) 37(1)  44(1) 24(1)  -3(1) -2(1)  3(1) 
C(18) 43(1)  50(1) 47(1)  -1(1) -11(1)  7(1) 
C(19) 56(2)  75(2) 58(2)  -2(2) -24(1)  14(2) 
C(20) 46(2)  72(2) 56(2)  -14(2) -17(1)  -4(1) 
C(21) 51(2)  54(2) 40(1)  -11(1) -8(1)  -2(1) 
C(22) 37(1)  43(1) 30(1)  -5(1) -2(1)  1(1) 
O(1S) 209(12)  230(9) 224(14)  -84(14) -5(9)  64(14) 
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C(1S) 143(5)  107(6) 176(5)  8(4) 29(4)  -15(4) 
C(2S) 143(5)  107(6) 176(5)  8(4) 29(4)  -15(4) 
C(3S) 143(5)  107(6) 176(5)  8(4) 29(4)  -15(4) 
C(4S) 143(5)  107(6) 176(5)  8(4) 29(4)  -15(4) 




Table A10 Hydrogen coordinates (x 104) and isotropic displacement parameters 
(Å2x 103) for Ru2(CO)4(CF3COO)2(PCy3)2. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(5) 6886 7472 4695 45 
H(6A) 5620 7290 3313 60 
H(6B) 6608 7012 3361 60 
H(7A) 7305 7912 3236 74 
H(7B) 6617 7836 2440 74 
H(8A) 5537 8403 3129 66 
H(8B) 6472 8745 3081 66 
H(9A) 5814 8820 4491 61 
H(9B) 6792 8529 4540 61 
H(10A) 5096 7930 4615 53 
H(10B) 5772 8010 5419 53 
H(11) 6715 5952 5499 37 
H(12A) 7930 6891 5374 44 
H(12B) 7452 6698 6260 44 
H(13A) 8956 6317 6155 54 
H(13B) 8219 5824 6227 54 
H(14A) 9240 5571 5130 56 
H(14B) 9115 6168 4657 56 
H(15A) 7748 5306 4771 59 
H(15B) 8254 5492 3896 59 
H(16A) 6778 5904 3947 47 
H(16B) 7530 6392 3951 47 
H(17) 5333 6407 3791 42 
H(18A) 3858 6701 4934 56 
H(18B) 4247 7104 4187 56 
H(19A) 2911 6626 3699 75 
H(19B) 3760 6469 3099 75 
H(20A) 2974 5637 3423 70 
H(20B) 3032 5765 4443 70 
H(21A) 4551 5493 3350 58 
H(21B) 4148 5091 4091 58 
H(22A) 5497 5556 4592 44 
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H(22B) 4649 5722 5189 44 
H(1SA) 4544 9011 8570 170 
H(1SB) 3815 9061 7784 170 
H(2SB) 3947 9974 7949 170 
H(2SA) 4837 9909 8527 170 
H(3SA) 4713 10189 6802 170 
H(3SB) 5540 10301 7466 170 
H(4SA) 5473 9476 6314 170 







   




Table A11 Crystal data and structure refinement for Ru2(CO)4(CF3COO)2(CH3CN)2. 
 
Identification code  8465 
Empirical formula  C12 H6 F6 N2 O8 Ru2 
Formula weight  622.33 
Temperature  293(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 14.1815(6) Å = 90°. 
 b = 8.7691(4) Å = 101.0140(10)°. 
 c = 15.0470(6) Å  = 90°. 
Volume 1836.76(14) Å3 
Z 4 
Density (calculated) 2.250 Mg/m3 
Absorption coefficient 1.749 mm-1 
F(000) 1192 
Crystal size 0.36 x 0.34 x 0.30 mm3 
Theta range for data collection 1.46 to 27.49°. 
Index ranges -17<=h<=18, -11<=k<=9, -19<=l<=18 
Reflections collected 12612 
Independent reflections 4219 [R(int) = 0.0211] 
Completeness to theta = 27.49° 99.8 %  
Absorption correction Sadabs, (Sheldrick 2001) 
Max. and min. transmission 0.6220 and 0.5717 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4219 / 0 / 273 
Goodness-of-fit on F2 1.100 
Final R indices [I>2sigma(I)] R1 = 0.0217, wR2 = 0.0533 
R indices (all data) R1 = 0.0232, wR2 = 0.0541 
Largest diff. peak and hole 0.583 and -0.368 e.Å-3 
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Table A12 Atomic coordinates (x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for Ru2(CO)4(CF3COO)2(CH3CN)2. U(eq) is defined as one 
third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Ru(1) 2037(1) 5728(1) 7208(1) 13(1) 
Ru(2) 2686(1) 7582(1) 8613(1) 13(1) 
N(1) 1613(1) 4722(2) 5856(1) 17(1) 
N(2) 3313(1) 9452(2) 9444(1) 17(1) 
O(1) 1518(1) 7800(2) 6519(1) 19(1) 
O(2) 2129(1) 9333(2) 7689(1) 19(1) 
O(3) 3351(1) 6325(2) 6789(1) 17(1) 
O(4) 3936(1) 7750(2) 8017(1) 20(1) 
O(5) 2825(1) 3026(2) 8316(1) 25(1) 
O(6) 235(1) 4731(2) 7782(1) 30(1) 
O(7) 3611(2) 5257(2) 9949(1) 42(1) 
O(8) 847(1) 7444(2) 9302(1) 30(1) 
F(1) 810(1) 10247(2) 5587(1) 40(1) 
F(2) 1212(1) 11641(2) 6757(1) 30(1) 
F(3) 2284(1) 10934(2) 6025(2) 55(1) 
F(4) 4877(1) 6917(2) 6101(1) 38(1) 
F(5) 5138(1) 8874(2) 6964(1) 35(1) 
F(6) 5627(1) 6678(2) 7473(1) 35(1) 
C(1) 1728(1) 9053(2) 6901(2) 15(1) 
C(2) 1494(2) 10483(3) 6302(2) 21(1) 
C(3) 3962(2) 7131(2) 7276(2) 16(1) 
C(4) 4912(2) 7405(3) 6938(2) 19(1) 
C(5) 1317(2) 4167(2) 5178(2) 17(1) 
C(6) 948(2) 3440(3) 4307(2) 26(1) 
C(7) 3621(2) 10395(3) 9934(1) 16(1) 
C(8) 4008(2) 11590(3) 10573(2) 22(1) 
C(9) 2545(2) 4049(2) 7869(2) 17(1) 
C(10) 915(2) 5177(3) 7565(2) 19(1) 
C(11) 3238(2) 6115(3) 9428(2) 25(1) 




 Table A12  Bond lengths [Å] and angles [°] for Ru2(CO)4(CF3COO)2(CH3CN)2. 
_____________________________________________________  
Ru(1)-C(10)  1.838(2) 
Ru(1)-C(9)  1.845(2) 
Ru(1)-O(3)  2.1435(15) 
Ru(1)-O(1)  2.1506(16) 
Ru(1)-N(1)  2.1941(19) 
Ru(1)-Ru(2)  2.6860(2) 
Ru(2)-C(11)  1.845(2) 
Ru(2)-C(12)  1.847(2) 
Ru(2)-O(2)  2.1205(16) 
Ru(2)-O(4)  2.1397(16) 
Ru(2)-N(2)  2.1493(19) 
N(1)-C(5)  1.136(3) 
N(2)-C(7)  1.137(3) 
O(1)-C(1)  1.249(3) 
O(2)-C(1)  1.237(3) 
O(3)-C(3)  1.243(3) 
O(4)-C(3)  1.247(3) 
O(5)-C(9)  1.145(3) 
O(6)-C(10)  1.144(3) 
O(7)-C(11)  1.141(3) 
O(8)-C(12)  1.141(3) 
F(1)-C(2)  1.320(3) 
F(2)-C(2)  1.328(3) 
F(3)-C(2)  1.329(3) 
F(4)-C(4)  1.322(3) 
F(5)-C(4)  1.326(3) 
F(6)-C(4)  1.332(3) 
C(1)-C(2)  1.543(3) 
C(3)-C(4)  1.547(3) 
C(5)-C(6)  1.460(3) 







































































Table A14 Anisotropic displacement parameters (Å2x103) for 
Ru2(CO)4(CF3COO)2(CH3CN)2. The anisotropic displacement factor exponent takes 
the form: -2p2[ h2 a*2U11 + ... + 2 h k a* b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Ru(1) 13(1)  12(1) 13(1)  -1(1) 3(1)  -1(1) 
Ru(2) 14(1)  13(1) 12(1)  -1(1) 2(1)  -1(1) 
N(1) 18(1)  15(1) 19(1)  1(1) 5(1)  -1(1) 
N(2) 16(1)  18(1) 17(1)  0(1) 4(1)  1(1) 
O(1) 23(1)  16(1) 16(1)  -2(1) 1(1)  2(1) 
O(2) 20(1)  15(1) 20(1)  1(1) -1(1)  -1(1) 
O(3) 17(1)  19(1) 17(1)  -3(1) 5(1)  -4(1) 
O(4) 15(1)  27(1) 20(1)  -7(1) 4(1)  -4(1) 
O(5) 25(1)  20(1) 30(1)  5(1) 5(1)  2(1) 
O(6) 20(1)  37(1) 35(1)  -6(1) 13(1)  -8(1) 
O(7) 57(1)  30(1) 32(1)  9(1) -9(1)  4(1) 
O(8) 28(1)  36(1) 30(1)  -10(1) 15(1)  -10(1) 
F(1) 60(1)  25(1) 25(1)  0(1) -14(1)  12(1) 
F(2) 42(1)  14(1) 31(1)  1(1) 3(1)  2(1) 
F(3) 38(1)  57(1) 80(2)  45(1) 36(1)  15(1) 
F(4) 28(1)  61(1) 28(1)  -19(1) 15(1)  -18(1) 
F(5) 33(1)  21(1) 57(1)  -4(1) 25(1)  -7(1) 
F(6) 18(1)  43(1) 44(1)  13(1) 9(1)  6(1) 
C(1) 12(1)  17(1) 19(1)  3(1) 7(1)  2(1) 
C(2) 22(1)  20(1) 22(1)  4(1) 4(1)  1(1) 
C(3) 15(1)  15(1) 18(1)  1(1) 4(1)  1(1) 
C(4) 17(1)  21(1) 21(1)  -4(1) 6(1)  -4(1) 
C(5) 18(1)  14(1) 19(1)  2(1) 6(1)  -1(1) 
C(6) 31(1)  29(1) 16(1)  -5(1) 1(1)  -3(1) 
C(7) 14(1)  19(1) 15(1)  2(1) 3(1)  1(1) 
C(8) 25(1)  19(1) 22(1)  -6(1) 3(1)  -2(1) 
C(9) 16(1)  17(1) 19(1)  -1(1) 5(1)  -2(1) 
C(10) 20(1)  20(1) 18(1)  -4(1) 3(1)  1(1) 
C(11) 30(1)  21(1) 23(1)  -2(1) 1(1)  -1(1) 




 Table A15 Hydrogen coordinates (x 104) and isotropic displacement parameters 
(Å2x 10 3) for Ru2(CO)4(CF3COO)2(CH3CN)2. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
  
H(6A) 1176 3983 3836 39 
H(6B) 259 3456 4192 39 
H(6C) 1168 2404 4322 39 
H(8A) 3612 11693 11020 33 
H(8B) 4017 12537 10255 33 








 Chemical shift (NMR) 
E Entgegen (Isomerism) 
Et Ethyl 
 Prefix for a coordinating ligand 
L Ligand 
Me Methyl 





TON Turnover number 
v/v Volume-to-volume ratio 
 Prefix for bridging ligand 
 Stretching frequency 
X Heteroatom 
Z Zusammen (Isomerism) 
  
